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Platelets are critical elements in the blood stream, supporting hemostasis as well
as performing even more complex tasks within networks of biological (immunity) and
pathophysiological processes, such as cancer and ischemia/reperfusion injury. Changes in
the number (and function) of platelets may have a substantial impact on any of these pro-
cesses. The “simple” finding of a reduced platelet count (thrombocytopenia) has a history
(origin) and a consequence (e.g., bleeding). The origin of thrombocytopenia can be unclear
(idiopathic), can depend on associated illness (e.g., disseminated intravascular coagula-
tion, heparin-induced thrombocytopenia, thrombotic thrombocytopenic purpura) with
a different etiology depending on the illness (related to production, clustering, immune
depletion, intravascular consumption, etc.), and can also be acquired (e.g., during extracor-
poreal circuits, such as “ECMO”) or constitutional. In the current COVID-19 pandemic,
thrombocytopenia is also a feature, although it is less severe than in other diseases, and the
overall patient phenotype seems thrombotic rather than hemorrhagic. Thus, there are many
possible causes for thrombocytopenia, and these are, quite often, poorly characterized.
Since the clinical question is always whether or not the platelet deficit has consequences
for the patient, it is important, and also timely (e.g., COVID-19), to discuss this topic in a
Special Issue.

We, the editors, are extremely pleased that a large number of outstanding clinician-
scientists were willing to contribute to this Special Issue! In times of substantial stress due
to the COVID-19-related burden on society and work, the request to contribute a state-of-
the-art paper for any journal is a major demand for any author, junior or experienced. To
comply with strict timelines is a further challenge.

We consider ourselves very lucky that the authors we approached were, without
exception, willing to do their best and to make it before the deadline. We are proud of
the high quality of the papers we received. Now that this series is complete, at least
according to our expectations, we hope that the readership will enjoy it. We observe that a
number of these papers are already viewed at a high rate and even cited, supporting the
value of this article series. For this issue, we acquired one original research article [1] and
13 reviews [2–14] that are shortly introduced below.

Falter, Böschen, Schepers, Beutel, Lackner, Scharrer, and Lämmle report their final
analysis on a questionnaire study from 2015 and 2016 into neurocognitive and mental
sequelae on 104 adult patients having survived at least one acute episode of autoimmune
thrombotic thrombocytopenic purpura (iTTP) at the University Medical Center in Mainz or
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having consulted with this center [1]. Data on depressive symptoms and cognitive deficits
in this cohort obtained in 2013 and 2014 had already been published before. Based on self-
reporting using a series of validated questionnaires, iTTP survivors had a high prevalence
of depression and anxiety, a more negative attitude to life, and low resilience as compared
to controls. Quality of life and cognitive performance in patients were significantly reduced
(see also the review article on thrombotic thrombocytopenic purpura by Sukumar et al. [3],
introduced below).

Bury, Falcinelli, and Gresele comprehensively review the current knowledge of the in-
herited thrombocytopenias (ITs) [2]. As of today, more than 40 different disorders caused by
defects of various genes involved in megakaryopoiesis and platelet production are known,
and the field is rapidly evolving, not least by the diagnostic advances supported by modern
next-generation sequencing techniques. Some ITs show isolated thrombocytopenia, others
are associated with various clinical features (so-called syndromic ITs) and, importantly,
some forms are associated with a tendency to develop a hematologic neoplasm during
ensuing years. Bleeding diathesis is highly variable and generally more severe in ITs with
associated functional platelet defects. Even though the general internist and hematologist
may not have full knowledge on all individual ITs, it is mandatory to think of the possibility
of a hereditary thrombocytopenia by obtaining a complete personal and family history and
(in unclear cases) to proceed to genetic screening early in the diagnostic work-up in order
to avoid misdiagnosis of immune thrombocytopenia (ITP) and unnecessary, potentially
harmful immunosuppressive treatment. The ethical concerns of uncovering a potential
premalignant condition are stressed by the authors.

Sukumar, Lämmle, and Cataland present an update on thrombotic thrombocytopenic
purpura (TTP), a rare but potentially fatal disease caused by a severe autoantibody-
mediated (iTTP) or congenital deficiency (cTTP) of the metalloprotease ADAMTS13 [3].
ADAMTS13 deficiency is associated with a defective proteolytic processing of the Von
Willebrand factor (VWF), leading to the presence of unusually large, extremely adhesive
VWF multimers in plasma and spontaneous widespread platelet clumping in the micro-
circulation. Severe thrombocytopenia and microangiopathic hemolytic anemia caused by
erythrocyte fragmentation in the partially occluded microcirculation as well as ischemic
organ dysfunction can rapidly lead to death if untreated. Besides, the established therapy
with large-volume plasma exchange, fresh frozen plasma replacement and corticosteroids,
new adjunctive therapeutic modalities with caplacizumab, inhibiting VWF–platelet inter-
action, and with the anti-CD20 antibody rituximab, inhibiting autoantibody production
in iTTP, are described. Recombinant ADAMTS13 as a replacement for patients with cTTP
is under investigation. Regular follow-up of iTTP and cTTP patients is imperative to
minimize long-term sequelae (see also the article by Falter et al. [1] mentioned above).

Lardinois, Favresse, Chatelain, Lippi, and Mullier—starting from an observed case—
review the not uncommon condition known as pseudothrombocytopenia (PTCP) [4]. It is
of utmost relevance to recognize this laboratory phenomenon of an apparently decreased
platelet count due to in vitro platelet clumping in order to avoid unnecessary and poten-
tially harmful diagnostic and therapeutic measures. Best known is EDTA-induced PTCP,
but multi-anticoagulant PTCP does exist, and they are best recognized by visual inspection
of a peripheral blood smear. Of note, no specific disease is associated with or heralded
by PTCP, even in patients followed for many years. Lardinois et al. provide a detailed
discussion on the pathomechanism, the laboratory diagnostic approach including the use,
if available, of various platelet counting techniques, different in vitro anticoagulants, and
other analytical considerations. This overview is especially useful for the hematologic
laboratory specialists confronted with this sometimes-challenging condition.

Squiccimarro, Jiritano, Serraino, ten Cate, Paparella, and Lorusso contribute a review
on the quantitative and qualitative platelet derangements in cardiac surgery and extra-
corporeal life support [5]. Thrombocytopenia and simultaneous functional abnormalities
of platelets are common in cardiac surgery using cardiopulmonary bypass (CPB) and
extracorporeal membrane oxygenation (ECMO). The pathophysiologic mechanisms and
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complex interactions of platelets, other blood cells, activation of coagulation and com-
plement systems, and release of cytokines and chemokines associated with heart surgery
while blood is flowing over artificial surfaces are outlined. The need of heparinization may
pose a high risk of heparin-induced thrombocytopenia for cardiac surgery patients (see
also the review by Marchetti et al. [6] mentioned below).

Marchetti, Zermatten, Bertaggia Calderara, Aliotta, and Alberio review the still com-
mon and highly dangerous prothrombotic heparin-induced thrombocytopenia (HIT) [6].
They provide an update on the pathophysiology of this immunologic syndrome, which may
be a “side effect” of a host immune mechanism intended to fight against Gram-negative
bacterial infections. HIT pathophysiology involves monocytes, endothelial cells, and neu-
trophils, as well as platelets. The necessity of a Bayesian combined clinical and laboratory
approach to diagnosis is stressed. Assessing clinical pretest probability and a combination
of fast (semiquantitative) immunoassays may massively shorten diagnostic work-up and
obviate the need for emergency testing of functional HIT antibodies. Finally, besides the
current established treatment, emerging therapeutic concepts are discussed, including the
difficult situation of cardiovascular surgery in patients with HIT or a history of HIT. The
Lausanne HIT team exemplarily shows that each large medical center should have an
established algorithm for the awareness and management of this condition.

Singh, Uzun, and Bakchoul provide an interesting review on the pathophysiology,
diagnosis, and management of immune thrombocytopenia (ITP) [7]. They stress the
multifactorial pathogenesis of this common condition, including the increased platelet
sequestration and destruction as well as impaired platelet production. Autoantibodies
against platelet glycoproteins lead to opsonization of platelets which are removed via Fc
receptors on macrophages predominantly in the spleen. Autoantibodies may also promote
de-sialylation of platelet glycoproteins, rendering these platelets susceptible to removal
via the Ashwell-Morell receptors in the liver and, importantly, platelet production is
compromised by autoantibodies. The authors suggest measuring anti-platelet glycoprotein
autoantibodies with appropriate tests during initial diagnostic work-up even though
current guidelines provide no firm recommendation. Treatment modalities are extensively
discussed and some new drugs currently under investigation are presented as well.

Raadsen, Du Toit, Langerak, Van Bussel, Van Gorp, and Goeijenbier present a broad
overview of the literature from the past 10 years on the relation/interaction of “platelets”
with “viral infections” [8]. They complemented their extensive literature analysis by a
second search performed in December 2020, focusing on the publications of the preceding
year on SARS-CoV-2 and platelets. The role of platelets far exceeds the well-known
hemostatic function, and they seem to have direct and indirect antiviral activity and are
involved in the accompanying immunologic reactions. A large list of specific viral infections
is discussed with highly varying degrees of thrombocytopenia. The most severe viral
hemorrhagic fevers, e.g., Ebola, Marburg, and Lassavirus infections, are under-investigated
because of the scarcity of laboratories with biosafety level 4 worldwide. Based on the
current COVID-19 pandemic, the authors stress that any immunomodulating therapy
potentially affecting platelets must be carefully evaluated because the immunothrombosis
mechanisms may serve an important antiviral role which should not be compromised.

Aliotta, Bertaggia Calderara, Zermatten, Marchetti, and Alberio offer an in-depth
review on thrombocytopathies [9]. They first outline the platelet activation endpoints,
namely adhesion, secretion, and aggregation, discuss their classic defects such as Bernard-
Soulier syndrome, platelet-type von Willebrand disease, alpha- and delta-storage pool
deficiencies, and Glanzmann thrombasthenia respectively, and then highlight the major
role of platelet procoagulant activity. The latter is primarily provided by the exposure of
phosphatidylserine on the outer membrane of the phospholipid bilayer and the release of
platelet microparticles. The technically demanding and difficult to standardize methodolo-
gies of assaying platelet procoagulant functions are explained. It is demonstrated that a
low or high potential to generate procoagulant platelets in vitro may be associated with
bleeding or thrombotic tendencies, respectively. A short summary of the thrombocytopathy
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associated with COVID-19 is added (for a discussion of platelet function testing, specifically
in thrombocytopenic patients, see also the review by Jurk and Shiravand [11] introduced
below).

Bonadies, Rovo, Porret, and Bacher expertly discuss thrombocytopenia in the context
of hematologic diseases, i.e., myelodysplastic syndromes (MDS) and bone marrow failure
syndromes (BMF) [10]. They describe the variable clinical presentations of patients with
MDS and BMF, the latter consisting of acquired aplastic anemia and inherited forms of
BMF, such as Fanconi anemia and several telomeropathies. The authors provide a detailed
overview on the often-stepwise diagnostic approach, including cytologic investigation
of peripheral blood and bone marrow aspirate, histopathology of bone marrow, flow
cytometric immunophenotyping, and cytogenetic and next-generation sequencing analyses,
obviously requiring specialized multidisciplinary teams. The authors remind us that an
isolated thrombocytopenia, especially in the elderly, may herald either an evolving MDS or
an aplastic anemia, and they stress the importance, especially in children, to consider an
inherited BMF syndrome (see also the review by Bury et al. [2] in this issue for inherited
thrombocytopenias predisposing to MDS and/or leukemia).

Jurk and Shiravand share their expertise on platelet phenotyping and function testing
in thrombocytopenic patients [11]. Patients with inherited or acquired thrombocytopenia
may additionally display functional platelet defects, contributing to the bleeding risk. The
indications for such platelet function testing in thrombocytopenia are presented. The eval-
uation should start with a standardized assessment of the bleeding history and of the basic
hematologic parameters, including inspection of a peripheral blood smear. The frequently
used point-of-care tests (Multiplate® analyzer, Platelet function analyzer PFA-100® or
PFA-200®, Impact-R™, thromboelastography (TEG®), and rotational thromboelastometry
(ROTEM®)) assess the global primary (and the latter two also the secondary) hemosta-
sis and are not suitable to diagnose platelet dysfunction in thrombocytopenia. Light
transmission aggregometry, lumi-aggregometry, flow cytometric platelet phenotyping and
functional testing in vitro, and assay of platelet-dependent thrombin generation by cali-
brated automated thrombinography (CAT) allow the detailed characterization of platelet
function defects. All these latter assays require expertise and are reserved for specialized
laboratories. The same applies to microfluidic flow chamber assays of thrombus formation
used for research purposes (see also the review by Aliotta et al. [9] introduced above).

Leader, Hofstetter, and Spectre provide an overview on the difficult topic of managing
thrombocytopenic cancer patients by non-transfusion-based means [12]. Thrombocytope-
nia in patients with malignant neoplasms may be chemotherapy-induced or related to the
malignant disease, e.g., in myelodysplastic syndromes (MDS) or acute leukemia (AML).
First, the prophylactic and therapeutic roles of antifibrinolytic treatment with tranexamic
acid and epsilon-amino caproic acid in various tumors are presented. Second, the efficacy
and safety of thrombopoietin receptor agonists are outlined and results of performed and
ongoing trials in MDS/AML and in chemotherapy-induced thrombocytopenia in solid
tumors are summarized. Finally, the major dilemma of managing antithrombotic therapy
with anticoagulants and/or antiplatelet agents in thrombocytopenic cancer patients who
are often at high risk of both thromboembolic and bleeding complications is discussed. The
authors also refer to the need for platelet transfusions in specific situations (see also the
review by Capraru et al. [14], mentioned below).

Scharf provides an overview on thrombocytopenia, platelet dysfunction, and overall
hemostatic changes in acute and chronic liver disease [13]. Thrombocytopenia is com-
mon and has a multifactorial pathophysiology in hepatopathies, involving splenomegaly
with splenic sequestation of platelets, reduced hepatic thrombopoietin production, and
increased platelet destruction. Plasmatic coagulation is impaired as well but is “rebalanced”
by a concordant reduction of pro- and anti-hemostatic factors. The resulting low-level
hemostatic balance predisposes not only to bleeding but also to thrombotic complications.
Management of thrombocytopenia in liver disease may profit from newly available throm-
bopoietin receptor agonists, which allow to avoid platelet transfusions in many instances.
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Limitations, risks, benefits, and general concepts for optimal hemotherapy of patients with
liver disease are outlined.

Capraru, Jalowiec, Medri, Daskalakis, Zeerleder, and Taleghani review the current
state of platelet transfusion and provide an outlook on ongoing and future developments
from the perspective of transfusion medicine [14]. The authors explain the differences be-
tween apheresis platelet concentrates from single donors and pooled platelet concentrates
from buffy coat or platelet-rich plasma. Next, storage media (platelet additive solutions)
intended to increase the shelf life of platelet concentrates and reduce allergic reactions to
contaminating plasma are discussed. Then, pathogen inactivation technologies aiming
at decreasing the transmission of bacterial and viral infections by platelet transfusion are
outlined. Cold storage (at 4 ◦C), cryopreservation (at −80 ◦C), and even lyophilization
of thrombocyte preparations for transfusion are being studied. Finally, the authors dis-
cuss a series of alternatives to platelet transfusion that are under exploration, such as
“thromboerythrocytes”, “plateletsomes”, in vitro production of platelets from pluripotent
stem cells, and others, highlighting a very active research area in this field of transfusion
medicine.

We hope that this compilation of articles and reviews on various pathophysiologic,
diagnostic, and therapeutic aspects of thrombocytopenia is useful for clinicians and re-
searchers from different specialities.
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Abstract: Autoimmune thrombotic thrombocytopenic purpura (iTTP) is a life-threatening, relapsing
disease in which an acquired deficiency of the enzyme ADAMTS13 leads to generalised microvascular
thrombosis. Survivors have a high prevalence of depression and impaired cognitive function. The
aim of this study was to determine whether life circumstances and personality have an influence
on the development and severity of depression and anxiety in iTTP patients and how they impact
the quality of life. With validated questionnaires, we examined the prevalence of depression and
anxiety symptoms in 104 iTTP patients, as well as parameters of subjective cognitive deficits, quality
of life, attitude to life and resilience. iTTP patients had significantly more depressive symptoms
(p < 0.001), a tendency to have anxiety disorders (p = 0.035) and a significantly worse cognitive
performance (p = 0.008) compared to the controls. Sex, age, physical activity and partnership status
had no significant influence on depression, whereas the number of comorbidities did. Lower scores
of resilience, attitude to life and quality of life were reported by patients compared to controls. iTTP
patients had a high prevalence of depression and anxiety, as well as a more negative attitude to life
and low resilience. Resilience correlated negatively with the severity of the depression. Furthermore,
quality of life and cognitive performance were significantly reduced.

Keywords: thrombotic thrombocytopenic purpura; depression; resilience; quality of life

1. Introduction

Autoimmune thrombotic thrombocytopenic purpura (iTTP) is a potentially life-threatening,
relapsing disease in which an acquired deficiency of the von Willebrand factor (VWF)-cleaving
protease, ADAMTS13, leads to generalised microvascular thrombosis in various organs [1].
The characteristic features are thrombocytopenia due to the consumption of platelets and
microangiopathic haemolytic anaemia with destruction of erythrocytes [2]. As soon as the
laboratory parameters return to normal after treatment of an acute bout, the patient is often
regarded as cured but lives with the risk of suffering an acute relapse at any time [3]. In re-
cent years, some studies have shown that iTTP is much more than just an acute disease; not
only potential relapses but also long-term consequences of the past acute episode should be
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in focus. Besides neurological impairments [4–7], depression is a prevalent sequela [6–10].
The occurrence of depression and anxiety disorders has been documented in numerous
other acute and chronic diseases, e.g., stroke, multiple sclerosis and cancer [11–15]. Depres-
sion itself is considered a risk factor for cardiovascular disease [16] and leads to increased
morbidity and mortality, regardless of its severity [15,17]. Furthermore, depression causes
a reduced quality of life for patients and lower resilience. In turn, individuals with low
resilience are more prone to develop psychiatric disorders [18]. However, resilience is also
significantly influenced by other factors, such as alexithymia [19].

We [10], as well as others [6,9,20], have shown that the prevalence of depression is
significantly increased in patients that have survived acute iTTP. In addition, our results
revealed that the severity of the acute iTTP episode is not the determining factor for the
development and severity of depression [10].

The aim of the present study was to determine whether life circumstances (e.g.,
partnership, employment and physical activity), personality and resilience are associated
with the development and severity of depression and anxiety in iTTP patients and how
they influence their quality of life.

2. Materials and Methods

The results are part of a five-year prospective cohort study that was approved by
German law (Landeskrankenhausgesetz §36 and §37) in accordance with the Declaration
of Helsinki and by the local Ethics Committee of “Landesärztekammer Rheinland-Pfalz”
(837.265.14 (9504-F)), where all participants gave written consent to participate.

The study was divided into two main themes. The first part referred to evaluations in
2013 and 2014 that have already been published [10]. In brief, the iTTP patients displayed
a high prevalence of depression and cognitive deficits via self-reporting questionnaires.
However, we did not detect a significant correlation between the severity of depression
or cognitive deficits and the number or severity of acute TTP episodes. Nevertheless, we
could demonstrate a highly significant correlation between the severity of depression and
the degree to which cognitive performance was reduced [10].

The second part had a focus on the long-term psychological consequences, where the
personality structure and the influence on the quality of life were examined in more detail
here (Figure S1).

In 2015 and 2016, using validated questionnaires, we examined the prevalence of de-
pressive (PHQ-9) and anxiety symptoms (GAD-7) in 104 iTTP patients, as well as parameters
of subjective cognitive deficits (FLei), resilience (RS-11), attitude to life (LOT-R) and quality
of life (QLQ-C30) at two observation points one year apart. At the second observation time,
an age- and sex-matched healthy control group was simultaneously interviewed.

2.1. Patients and Controls

The patient cohort for this study was recruited from the iTTP patients that were treated
directly at the University Hospital Mainz, as well as from external patients for whom the
University Hospital Mainz was asked for medical advice by external clinics. The external
patients that presented themselves personally at the University Hospital Mainz at least
once were asked to participate in the study. Since October 2012, all patients over 18 years
of age with a confirmed iTTP diagnosis (defined as microangiopathic haemolytic anaemia,
thrombocytopenia (<150,000/μL), severe acquired ADAMTS13 deficiency (activity < 10%)
and an ADAMTS13 inhibitor (>0.5 Bethesda units/mL)) in the acute TTP episode have
been included.

The healthy controls were 300 randomly selected people that were age- and gender-
matched to the iTTP collective, whose contact details were received from the residents’
registration office. We received 134 evaluable questionnaires.
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2.2. Psychometric Assessment

TTP patients were invited to participate in the study twice with an interval of 10 to
12 months. At both time points, psychometric questionnaires were either sent by regular mail
to the patients’ home or directly given to patients when they presented at the outpatients ward.

One patient was excluded from this study (in 2015/2016) because of an inability to
answer the questionnaires after having suffered from ischemic brain damage during an
acute TTP episode.

2.2.1. Patient Health Questionnaire 9 Items (PHQ-9)

The Patient Health Questionnaire 9 (PHQ-9) was developed in 2001 by Spitzer et al.
and is indicated for the self-assessment of depressive symptoms and their classification into
degrees of severity [21]. It consists of nine questions, each of which is attributed 0, 1, 2 or
3 points. The final score is calculated from the sum of all answers. A high score indicates
that patients often show depressive symptoms. If the patient receives 0 to 4 points, it can
be assumed that there is no depression. Mild depressive symptoms are present at 5 to
9 points, moderate symptoms at 10 to 14 points and moderate-to-severe depression at 15 to
19 points. A score ≥ 20 points signals severe depressive symptomatology. The presence of
major depression can be assumed at a cut-off of ≥10 points.

2.2.2. Generalized Anxiety Disorder 7 (GAD-7)

The “Generalized Anxiety Disorder 7”, which is a self-assessment questionnaire with
seven items, was developed to diagnose and classify generalised anxiety disorders [22].
The GAD-7 examines the symptoms of anxiety, such as nervousness or irritability in seven
items. The patient must evaluate how often these symptoms have been experienced in the
last 2 weeks. Depending on the answer, the patient receives between 0 and 3 points. The
sum of all seven items corresponds to the total score. If the total score is between 0 and
4 points, no anxiety disorder can be assumed. A score of 5 points or more indicates a mild
anxiety disorder, 10 points or more indicates a moderate anxiety disorder and 15 points or
more indicates a severe anxiety disorder.

2.2.3. FLei

Cognitive deficits were assessed using the German questionnaire for complaints of
cognitive disturbances (FLei), which is a self-report measure with 30 items covering the
domains of deficient attention, memory and executive functions, with 10 items each. All
items are rated on a five-point Likert-scale (0 = at no time; 4 = very frequent). Accordingly,
the total score for all 30 items ranges between 0 and 120 points. The internal consistencies
of the three subscores (Cronbach’s alpha and split-half reliability) are all >0.87 [23]. Healthy
controls reported in the literature showed a mean of 29.1 (SD 18.7), whereas controls with
major depression (ICD.10) had a mean of 56.5 (SD 23.1) [23].

2.2.4. Resilience Scale 11 (RS-11)

The Resilience Scale 11 (RS-11) was developed as a tool to measure the mental resistance
of patients [24]. The self-assessment questionnaire consists of 11 questions, each of which
is rated with 1 to 7 points. From these scales, an overall score is formed, with values from
11 to 77. The higher the total score, the higher the presumed resilience of the respondent.

2.2.5. Life Orientation Test–Revised (LOT-R)

The Life Orientation Test–Revised (LOT-R) is a questionnaire with 10 items, each
with five possible answers, which serves to assess the attitude to life. It evaluates general
character features, such as the tendency toward optimism and pessimism, for both of
which, a subscore is given. In addition, an overall score can be calculated [25].
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2.2.6. Quality of Life Questionnaire C 30 (QLQ-C30)

The Quality of Life Questionnaire C 30 (QLQ-C30) was developed in 1993 by the
European Organisation for Research and Treatment of Cancer to specifically evaluate the
quality of life of cancer patients [26,27]. Fifteen subscales are formed from the 30 items.
The subscales consist of five function scales (physical, role, cognitive, emotional and social
function), three symptom scales (fatigue, pain and nausea or vomiting) and a global health
status/quality of life scale, as well as six individual items with specific symptoms (dyspnea,
loss of appetite, insomnia, constipation and diarrhea, and a question on the financial
impact of the disease). Each item has four response alternatives, except for the global
health status/quality of life scale, which has response options ranging from 1 to 7.

2.3. Covariates

In addition to the questionnaires, personal information, such as age, gender and life
circumstances such as partnership and number of children, were also collected. Further-
more, data on physical fitness and other chronic and acute illnesses were obtained. The
participants were able to specify their physical fitness themselves with the help of five
predefined answer options (from not at all or only a little bit (1–2 times per month) to
extremely active (more than 5 times per week)). Fifteen comorbidities were specifically
asked for and further comorbidities could be indicated.

2.4. Statistical Analyses

Statistical analyses were performed using SPSS version 22.0 (IBM GmbH, Ehningen,
Germany). Missing data were imputed using median imputation. The descriptive statistics
included frequency, mean, standard deviation, median, interquartile range (IQR), minimum
and maximum. The differences between the two groups were tested using Student´s
t-test for normally distributed data and the non-parametric Mann–Whitney U test for
non-normally distributed data. For comparing changes in the different scores of patients
who completed both surveys (in 2015 and 2016), a dependent t-test was used, as well as
the dependent Wilcoxon test. Spearman’s rank correlation coefficient (rs) was calculated
to estimate the relationship between depressive symptoms and resilience, respectively.
The correlations between age, gender, comorbidities, physical activity and depressive
symptoms were determined using Pearson’s correlation coefficient (r). Any p-values less
than 0.05 were considered to be statistically significant.

3. Results

3.1. Study Population

From June 2015 until July 2016, 147 patients with an acquired TTP that was diagnosed
prior to starting this study were asked to participate. Between the 2015 and 2016 surveys,
five of the 147 participants were lost to follow-up. Accordingly, 142 TTP patients were sent
the questionnaires in the 2016 survey, about one year after the first inquiry. We received
89 responses in the 2015 survey, with 89 of those being evaluable for RS-11, 88 for PHQ-9,
87 for GAD-7 and LOT-R and 85 for FLei (Figure 1). Eighty-four responses were obtained
in the 2016 survey, with 83 of those being evaluable for Flei, 81 for PHQ-9, RS-11 and
QLQ-C30 and 80 for GAD-7 and LOT-R (Figure 1).

Overall, we received responses from 104 individual iTTP patients, 69 answered both
surveys, 20 participated only in 2015 and 15 only in 2016 (Figure 1). The depression, anxiety,
impairment of cognitive performance, resilience, attitude of life and quality of life results
of the iTTP patients were compared with those from 134 healthy controls.
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Figure 1. Patient recruitment and response rates in two surveys of the cohort of autoimmune thrombotic thrombocytopenic
purpura (iTTP) patients from Mainz. A total of 147 eligible iTTP patients in remission were invited to fill in the various
questionnaires used in two surveys each (2015 and 2016). * Between the first and second survey five patients were lost to
follow-up. Questionnaires concerned: depression (PHQ-9), anxiety (GAD-7), attitude of life (LOT-R), resilience (RS-11),
quality of life (QLQ-C30) and cognitive disturbance (FLei).

3.2. Patient Characteristics

A total of 147 (2015) and 142 (2016) iTTP patients could be reached for the surveys.
The response rate was 60% in the 2015 survey and 59% in the 2016 survey (Figure 1). The
characteristics of the patients and the healthy controls are shown in Table 1.

Table 1. Characteristics of the responding and evaluable autoimmune thrombotic thrombocytopenic purpura (iTTP) patients
in both surveys and of the healthy controls.

Heading iTTP Patients Healthy Controls

Time of survey 2015 2016 2016
Number (n) 89 84 134

Gender and age

Female 69 (76%) 69 (82%) 108 (81%)
Male 20 (24%) 15 (18%) 26 (19%)

Age (years) median (min, IQR, max) 48 (18, 37–59, 86) 51 (21, 38–59, 87) 48 (19, 30–60, 79)
Data for age missing 6 7 0

Current partnership

Yes 62 (73%) 60 (75%) 96 (74%)
No 23 (27%) 20 (25%) 34 (26%)

Data missing 4 4 4

Occupation, BMI, smoking status

Employed 45 (51%) 41 (50%) 72 (55%)
Studying 3 (3%) 1 (1%) 14 (11%)
Retired 26 (30%) 22 (27%) 27 (21%)

Unemployed 2 (2%) 4 (5%) 2 (1%)
Working at home 4 (5%) 7 (8.5%) 5 (4%)

Other 8 (9%) 7 (8.5%) 10 (8%)
Data missing 1 2 4

BMI median (min, IQR, max) 26 (18, 23–31, 48) 28 (18, 24–32, 47) 24 (18, 21–26, 42)
Obesity (BMI ≥ 30) 24 (27%) 29 (35%) 12 (9%)

Data missing 0 2 4
Smoking 22 (25%) 21 (25%) 18 (14%)

Data missing 0 1 2

Physical activity

Hardly active (1–2×/month) 25 (29%) 32 (39%) 22 (17%)
Quite active (3–4×/month) 10 (12%) 13 (16%) 24 (18%)

Active (1–2×/week) 33 (39%) 24 (30%) 45 (34%)
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Table 1. Cont.

Heading iTTP Patients Healthy Controls

Very active (3–4×/week) 14 (16%) 8 (10%) 32 (24%)
Extremely active (>5×/week) 3 (4%) 4 (5%) 9 (7%)

Data missing 4 3 2

Number of comorbidities 1

0 20 (22%) 10 (12%) 48 (36%)
1 25 (28%) 20 (24%) 43 (33%)
2 14 (16%) 23 (28%) 18 (14%)
≥3 30 (34%) 30 (36%) 23 (17%)

Data missing 0 1 2
1 Includes cardiovascular diseases, hypertension, gastrointestinal diseases, rheumatoid arthritis, diabetes mellitus, skin diseases, metabolic
disorders, allergies, multiple sclerosis, chronic pulmonary diseases, chronic pain, thyroid diseases, obesity, cancer and other.

About 80% of the patients were female and the median ages were 48 and 51 years
in 2015 and 2016, respectively. Half of the participating patients were employed and one
third were retired. The majority of patients lived in a partnership and 63% and 65% in
2015 and 2016, respectively, had children. One-third of patients each took part in low,
intermediate or high physical activity. The median body mass index (BMI) was 26 and
28 kg/m2, respectively, in the two surveys, with 27% and 35% being obese. Overall, the
iTTP collective had several other diseases besides iTTP (78% had comorbidities in 2015
and 88% in 2016). On average, the iTTP patients had one additional disease in 2015 (min 0,
IQR 1–3, max 9) and two additional comorbidities in 2016 (min 0, IQR 1–3, max 9). The
control group had substantially fewer diseases (median 1, min 0, IQR 0–2, max 7). The
comorbidities that were explicitly asked for were chronic heart diseases, hypertension,
gastrointestinal diseases, rheumatoid arthritis, diabetes mellitus, skin diseases, metabolic
disorders, allergies, multiple sclerosis, chronic pulmonary diseases, chronic pain, thyroid
diseases, obesity and cancer. In addition, comorbidities not listed could be indicated. Both
in iTTP patients and the control group, the most frequent health problems were hyperten-
sion and thyroid diseases, followed by allergies. Compared to the control collective, the
iTTP patients were significantly more overweight, were more often smokers and had more
comorbidities (Table 1).

3.3. Depression (PHQ-9)

In 2015, 54 (61.4%) of 88 iTTP patients were scored as having current depressive
symptoms by the PHQ-9 (score ≥ 5) and the proportion of patients with major depression
(score ≥ 10) was 21.6%. The median score was 5 (IQR 2–10), ranging from 0 to 23 (Figure 2a).
Thirty-four (38.6%) patients had no depression, 31 (35.2%) had mild depression, 13 (14.8%)
had moderate depression, nine (10.2%) had moderate-to-severe depression and 1 (1.1%)
had severe depression.

In 2016, 51 (63.0%) of 81 iTTP patients were scored as having current depressive
symptoms by the PHQ-9 (score ≥ 5) and the proportion of patients with major depression
(score ≥ 10) was 34.5%. The median total score was 7 (IQR 2.5–12.5), ranging from 0 to
23 points (Figure 2a). Regarding the severity of depression, 30 (37.0%) patients had no
depression, 23 (28.4%) had mild depression, 14 (17.3%) had moderate depression, 13 (16.0%)
had moderate-to-severe depression and 1 (1.2%) had severe depression.

Forty-five of 133 (33.8%) healthy controls had depressive symptoms as scored by the
PHQ-9 (score ≥ 5) (Figure 2a). Six (4.6%) of the 133 controls had clinically relevant depression
(score ≥ 10). The median total score was 3 (IQR 1–6), ranging from 0 to 18 points (Figure 2a).
The prevalence of depression in iTTP patients was significantly higher in both surveys
(2015 p < 0.001; 2016 p < 0.0001) than in the controls (Figure 2a). No difference in the prevalence
or severity of depression in the iTTP patients was found between the two surveys.
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Figure 2. Results of the depression (PHQ-9), anxiety disorder (GAD-7) and cognitive performance
(FLei score) questionnaires from the iTTP patients in two surveys (2015 and 2016) and the healthy
controls (median, box 25th and 75th percentiles, whiskers 2.5th and 97.5th percentiles, •, �, � denote
outliers above 97.5th percentiles or below 2.5th percentiles outliers). (a) PHQ-9: For the first survey
(n = 88), the median evaluated score was 5 (IQR 2–10), for the second survey (n = 81), the median
score was 7 (IQR 2.5–12.5), and for the healthy controls, the median score was 3 (IQR 1–6). (b) GAD-7:
For the first survey (n = 87), the median evaluated score was 4 (IQR 1–8), for the second survey
(n = 80), the median score was 5 (IQR 1–8.75), and for the healthy controls (n = 131), the median
score was 2 (IQR 1–5). (c) FLei: For the first survey (n = 85), the median evaluated score was 28.0
(IQR 14–60.5), for the second survey (n = 81), the median score was 34.0 (IQR 17–68), and for the
healthy controls (n = 130), the median score was 22.0 (IQR 13.75–34.25).
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3.4. Anxiety Disorder (GAD-7)

In 2015, 49 (56.3%) of 87 iTTP patients had no symptoms of anxiety, whereas 21 (24.1%)
had mild anxiety (score 5–9), 12 (13.8%) had moderate anxiety (score 10–14) and five (5.7%)
had severe anxiety (score 15–21). The median evaluated score was 4 (IQR 1–8), ranging
from 0 to 18 (Figure 2b).

In 2016, 37 (46.3%) of 80 iTTP patients had no symptoms of anxiety, whereas 29 (36.3%)
patients had mild anxiety (score 5–9), 11 (13.8%) had moderate anxiety (score 10–14) and
three (3.8%) had severe anxiety (score 15–21). The median evaluated score was 5 (IQR 1–9),
ranging from 0 to 21 (Figure 2b). Ninety-five of the 132 controls (72.0%) did not show any
symptoms of anxiety (Figure 2b). The prevalence of anxiety disorders in the overall iTTP
cohort was higher in both surveys (2015 p < 0.035; 2016 p < 0.008) than in the control group
(Figure 2b). In particular, the proportion of clinically relevant anxiety disorders (score ≥ 10)
in the iTTP cohort was significantly higher in 2015 (19.5%) and in 2016 (17.6%) than in the
control group (8.4%).

3.5. Cognitive Performance (FLei Score)

Eighty-five iTTP patients in 2015 and 81 in 2016 were evaluable for their cognitive
performance using FLei (Figure 2c). The total scores in both surveys were normally
distributed and showed a median of 28.0 (IQR 14–60.5) in the 2015 survey and a median
of 34.0 (IQR 17–68) in the 2016 survey, ranging from 0 to 117 (Figure 2c). Cognitive
performance was significantly worse for iTTP patients in both surveys (p = 0.008 for 2015,
p < 0.0001 for 2016) in comparison to the healthy cohort (median 22.0, IQR 13.75–34.25)
(Figure 2c).

3.6. Resilience (RS-11)

The 89 iTTP patients in the first survey in 2015 showed a median score of 60 (min 22,
IQR 49.5–68.5, max 77) and the 81 iTTP patients in the second survey 2016 showed a median
score of 55 (min 21, IQR 45–66, max 77) (Figure 3a). The control collective of 129 persons
had a median score of 64 (min 33, IQR 56–69, max 77) (Figure 3a). Thus, the survivors of
iTTP, both in the first (p < 0.04) and second (p < 0.0001) surveys, exhibited a lower resilience
than the control collective (Figure 3a).

3.7. Attitude to Life (LOT-R)

The questionnaire on the attitude to life (LOT-R) was answered by 87 patients in 2015
and 80 patients in 2016. The results in the categories of optimism, pessimism and the
total score could be compared with 134 control persons. In the first survey, no significant
difference (p = 0.088) between the patients (median 15, IQR 12–19) and controls (median 17,
IQR 14–19) was found in the total score, but in the second survey, a significant difference
(p = 0.009) between the patients (median 17, IQR 11–18) and controls was found (Figure 3b).
In the optimism score, the patients showed significantly worse results than the control
group in both rounds (2015 survey p = 0.011, 2016 survey p = 0.006) (Figure 3b). Within the
pessimism score, no large differences between the patients and controls could be detected
(2015 survey p = 0.49, 2016 survey p = 0.63) (Figure 3b).

3.8. Quality of Life (QLQ-C30)

Eighty-five TTP patients in 2015 and 81 patients in 2016 were evaluable regarding their
quality of life using the QLQ-C30 (Figure 3c). They could be compared with 134 healthy
controls (Figure 3c). In all five functional scales (physical, cognitive, role and social function
p < 0.0001 for both 2015 and 2016; emotional function p = 0.001 for 2015/p = 0.007 for 2016),
as well as in the global quality of life scale (p = 0.001 for 2015/p = 0.007 for 2016), the
iTTP patients showed significantly worse results in both rounds than the control group
(Figure 3c, not all five functional scales are shown).
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Figure 3. Results of the resilience (RS-11), attitude to life (LOT-R) and quality of life (QLQ-C30)
questionnaires from the autoimmune thrombotic thrombocytopenic purpura (iTTP) patients in two
surveys (2015 and 2016) and the healthy controls (median, box 25th and 75th percentiles, whiskers
2.5th and 97.5th percentiles, •, �, � outliers above the 97.5th percentiles or below the 2.5th percentiles).
(a) RS-11: For the survey in 2015, the median evaluated score was 60 (IQR 49.5–68.5), for the survey in
2016, the score was 55 (IQR 45–66), and for healthy controls, the score was 64 (IQR 56–69). (b) LOT-R:
In the optimism score, the patients showed significantly worse results than the control group in
both rounds (2015 survey p = 0.011, 2016 survey p = 0.006). Within the pessimism score, no large
differences between the patients and controls could be detected (2015 survey p = 0.49, 2016 survey
p = 0.63). In the first round, no significant difference (p = 0.088) between the patients and controls
was found in the total score, but in the second round, a significant difference (p = 0.009) between
the patients and controls was found. (c) QLQ-C30: In the “global health”, “physical function” and
“cognitive function” scores, the patients had significantly worse results than the control group in
both rounds (2015 and 2016 surveys p < 0.0001).
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3.9. Correlation of Life Circumstances and Personality with Depression

Sex, age, physical activity and partnership status were not significantly correlated
with depression. Using Pearson’s correlation (age, physical activity, partnership status) and
Mann–Whitney U analysis (sex), no significant correlation was established for any of these
parameters in 2015 or 2016 with the degree of depression (PHQ-9 score) (Table S1). The
comorbidities were associated with the PHQ-9 score. Only the number of co-morbidities
was considered, not the specific diseases. If a patient had more co-morbidities, the PHQ-9
score showed a higher value, i.e., a more severe depressive state (p = 0.015 for 2015/p = 0.006
for 2016) (Table S1). Furthermore, the correlation between the QLQ-C30 score (quality of
life) and the PHQ-9 score was significant (p < 0.0001 for both 2015 and 2016) (Table S1).

3.10. Correlation of Resilience with Depression

Our data revealed that the degree of depression (PHQ-9) was negatively associated
with resilience (RS-11). Spearman’s rank correlation coefficient (rs) for 88 iTTP patients in
the 2015 survey was −0.5346 (p < 0.0001), and for the 78 participants in the 2016 survey,
rs = −0.6447 (p < 0.0001). In Figure 4, the RS-11 and PHQ-9 data for 102 individual iTTP
patients (only the first survey was considered for patients who participated in both surveys)
revealed an rs of −0.5878 (p < 0.0001) (Figure 4). Seventy iTTP patients without major
depression (PHQ-9 score points < 10) had a median of 62 for the RS-11 score, which was
comparable to the controls (median RS-11 score: 64, p = 0.65). The 32 iTTP patients with
major depression (PHQ-9 score ≥10) had a median of 41.5 for the RS-11 score, which was
significantly lower than that of the controls and the iTTP patients without major depression
(p < 0.0001).

Figure 4. Correlation of the PHQ-9 score (depressive symptoms) with the resilience score. The
correlation of the degree of depression (PHQ-9) with resilience (RS-11) was analysed for 102 iTTP
patients (rs = −0.588, p < 0.0001) (every iTTP patient was analysed only once, the first evaluation of
those that participated in both surveys was considered). The horizontal line indicates the cut-off for
major depression (PHQ-9 score ≥10).

4. Discussion

For a long time, the survival of acute iTTP bouts was the main concern, but in recent
years, the long-term consequences in survivors of iTTP have become more important. The
prevalence of major depression in our iTTP patients was 21.6% and 34.5% for 2015 and 2016,
respectively, far above the prevalence in our population controls (4.6%) and the reported
12-month prevalence in the German population (9.3%) [28]. These results are consistent
with our previous findings [10] and with other studies showing a significantly increased
point prevalence of depression from 19% up to 65% in iTTP survivors [6,8,9,29,30]. A strong
association between chronic physical illness and depression has been reported [15,31].
Independent from the disease, the rate of 21.1% mood disorders in patients is significantly
higher than in healthy individuals with 9.4% [31]. In addition, anxiety disorders have been
documented, for example, in patients after a heart attack or stroke and with cancer [15,31].
Anxiety disorders in those with serious illnesses are just as common (22.9%) as depression
(21.1%) [31]. Within the general population, anxiety disorders are the most common
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mental disorder, affecting about 15% [28]. Our examination of 87 iTTP patients revealed
clinically relevant anxiety disorders in 19.5% and 17.6% for 2015 and 2016, respectively, as
compared to a prevalence of 8.4% in the controls. Riva et al. found that 20% had anxiety
disorders in their 35 TTP patients [7]. Regarding iTTP, survivors depression seems to
be more common than anxiety disorders [7,32]. Gender, age and partnership [33] did
not seem to be related to depression in our patients, whereas comorbidities did. This
is congruent with the data of Härter et al. [31]. This is important since more than two-
thirds of iTTP patients suffer from at least one other disease. Long-term data from the
Oklahoma TTP registry showed a significantly higher prevalence of obesity, systemic lupus
erythematosus, diabetes mellitus, arterial hypertension and major depression in survivors
of iTTP [8,20,30]. Depression and anxiety are associated with increased morbidity and
mortality. Martin-Subero et al. demonstrated for 803 inpatients over a follow-up period of
18 years that major depression was associated with a 2.4-times higher risk of mortality [34],
independent of their disease. According to Cuijpers and Smit, mortality is increased
regardless of the severity of depression [17]. Given that depressive symptoms affected up
to 60% of our iTTP patients, together with low quality of life scores, antidepressive therapy
seems mandatory. Lewis et al. [35], Cataland et al. [5] and Riva et al. [7] also reported a
significantly compromised quality of life in iTTP patients. The number and severity of
survived acute episodes do not seem to have a significant influence on the development
and severity of depression [10]. An abnormal cerebral MRI scan during an acute episode
does not implicate an increased likelihood of the development of depression or an anxiety
disorder [32]. The survey on the attitude to life and resilience of our iTTP patients suggests
that the patients were less resilient and optimistic, but nevertheless, not more pessimistic
than the control group. The resilience of our iTTP patients was negatively related to the
severity of their depressive symptoms. This is congruent with the findings, for example, in
dry eye disease or cardiovascular disease [36,37]. According to other studies, more resilient
individuals develop less depression and anxiety overall, regardless of whether they have a
severe underlying disease [38–41]. The resilience may be reduced by the experience of a
life-threatening disease and cognitive deficits, which further increases the risk of depression
in iTTP.

Limitations of the Study

Our study has limitations: First, we used self-report questionnaires. There was
no examination by a clinician, such as in the studies by Han et al. [6]. However, we
used questionnaires that have been widely validated in large cohorts of healthy subjects
and patients. Second, only about 60% of our iTTP survivors participated in the self-
evaluation study. Symptomatic patients may have been more motivated to answer the
survey compared to asymptomatic patients. On the other hand, severely depressive
patients may also have declined participation. The exact clinical data on the severity of
the iTTP were not fully available for all patients, and comorbidities were not confirmed
beyond the self-reporting. Finally, we do not have data on mental illness or resilience prior
to the iTTP diagnosis.

5. Conclusions

The survivors of acute iTTP are significantly more likely to suffer from depressive
and anxiety disorders as compared to the general population. The patients also reported
a significantly compromised quality of life and perceived their cognitive performance as
being significantly reduced. Overall, the iTTP patients were less optimistic and showed
a significantly lower resilience, which in turn correlated strongly with the severity of the
depression. It remains to be investigated whether psychological counseling in these long-
term patients helps to improve neuropsychiatric disorders during long-term follow-ups.
Furthermore, there is hope that new treatment strategies aiming at a fast resolution of the
microvascular thrombotic process may improve long-term outcomes [42].
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Abstract: Inherited thrombocytopenias (IT) are a group of hereditary disorders characterized by a
reduced platelet count sometimes associated with abnormal platelet function, which can lead to
bleeding but also to syndromic manifestations and predispositions to other disorders. Currently at
least 41 disorders caused by mutations in 42 different genes have been described. The pathogenic
mechanisms of many forms of IT have been identified as well as the gene variants implicated
in megakaryocyte maturation or platelet formation and clearance, while for several of them the
pathogenic mechanism is still unknown. A range of therapeutic approaches are now available to
improve survival and quality of life of patients with IT; it is thus important to recognize an IT and
establish a precise diagnosis. ITs may be difficult to diagnose and an initial accurate clinical evaluation
is mandatory. A combination of clinical and traditional laboratory approaches together with advanced
sequencing techniques provide the highest rate of diagnostic success. Despite advancement in the
diagnosis of IT, around 50% of patients still do not receive a diagnosis, therefore further research in
the field of ITs is warranted to further improve patient care.

Keywords: inherited thrombocytopenias; platelets; bleeding

1. Introduction

Platelets, or thrombocytes, are small and anuclear blood cells with discoid shape and
a size of 1.5–3.0 μm which play a crucial function in primary hemostasis. Their normal life
span is 9–10 days and total circulating mass 1012, thus about 1011 platelets are released each
day from their bone marrow precursors, megakaryocytes, to maintain a normal circulating
platelet count of 1.5 to 4 × 109/L.

Inherited thrombocytopenias (ITs) are a heterogeneous group of congenital disorders
characterized by a reduction of platelet number, a widely-variable bleeding diathesis, some-
times aggravated by associated impairment of platelet function, and frequently associated
with additional defects, which may heavily impact patient lives.

ITs are rare diseases, with an estimated prevalence of 2.7 in 100,000 [1] although
this figure is probably underestimated because they are often misdiagnosed as immune
thrombocytopenia (ITP). A recent study on the assessment of the frequency of naturally
occurring loss-of-function variants in genes associated with platelet disorders (52% of
which were associated with ITs) from a large genome aggregation database showed that
0.329% of subjects in the general population have a clinically meaningful loss-of-function
variant in a platelet-associated gene [2].

The first IT, Bernard Soulier syndrome, was described in 1948 and subsequently only
few additional forms were reported until Sanger sequencing first, and next generation
sequencing later became widely applied rapidly bringing the known ITs from less than a
dozen to currently at least 41 disorders caused by mutations in 42 different genes [3,4].

Despite these advancements however, it is estimated that genetic etiology of nearly
50% of patients with IT still remains undefined [5].
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2. Megakaryocytopoiesis and Platelet Production

Platelets are produced by megakaryocytes (MKs), their giant bone marrow polyploid
precursors, through a complex and highly regulated process. During maturation megakary-
ocytes become polyploid and accumulate massive amounts of proteins and membranes.
Then, through a cytoskeletal-driven process, they extend long branching protrusions called
proplatelets into sinusoidal blood vessels to release platelets [6]. However, under special
conditions associated with strongly increased platelet turnover, platelets can be released
through megakaryocyte rupture [7]. More recently, based on the calculation of the rate of
proplatelet formation required for physiological platelet replacement, it has been suggested
that membrane budding, rather than proplatelet formation, supplies the majority of the
platelet biomass in vivo [8]. The release of platelets in lungs by megakaryocytes entered in
blood and disintegrated by the impact with the pulmonary microcirculation has also been
shown, but its relevance for platelet production is a matter of controversy [9].

The process of megakaryopoiesis involves multiple genes, coding for transcription
factors, cytoskeletal proteins, membrane receptors and signaling proteins, which regulate
megakaryocyte differentiation and platelet formation and release. Variants in any of these
genes may cause IT.

3. Hereditary Disorders of Platelet Number

Given the wide heterogeneity of IT, there is no consensus on their classification, and
several criteria have been proposed, such as on clinical features (e.g., age at presentation,
severity, associated developmental abnormalities), platelet size or inheritance pattern
(e.g., autosomal dominant, autosomal recessive and X-linked) [4,10,11].

Here we have grouped them according to the pathogenic mechanisms of thrombocytopenia.
ITs are primarily caused by mutations in genes involved in megakaryocyte differentia-

tion, maturation and platelet production [12] (Table 1, Figure 1).

Table 1. IT classified based on the defective step of platelet count regulation involved.

Defective Step of
Thrombopoiesis

Affected
Gene

Disorder Pathogenic Mechanism (Reference)

Additional Features
(e.g., Syndromic
Manifestations,
Predisposition)

Defective
megakaryocyte

maturation

ANKRD26 ANKRD26-related
thrombocytopenia

Loss of ANKRD26 silencing during the last
phases of megakaryocytopoiesis causes
ERK1/2 phosphorylation that interferes

with megakaryocyte maturation [13]

Predisposition to
hematological malignancies

ETV6 ETV6-related
thrombocytopenia

ETV6 is a transcriptional repressor that
promotes the late phases of

megakaryopoiesis. Mutations in ETV6
cause defective megakaryocyte maturation

and impaired proplatelet formation [14]

Predisposition to
hematological malignancies

FLI1 FLI1-related
thrombocytopenia FLI1 is a transcription factor regulating

many genes associated with
megakaryocyte development. Therefore,

FLI1 mutations promote defective
megakaryocyte maturation [15]

Not reported

FLI1
deletion

Paris-Trousseau
syndrome/Jacobsen

syndrome

Abnormalities of heart and
face, intellectual disabilities

FYB FYB-related
thrombocytopenia

ADAP is a protein involved in the
remodeling of cytoskeleton. Mutations in

ADAP cause defective maturation of
megakaryocytes and clearance of

platelets [16]

Mild iron deficiency anemia

GATA1 GATA1-relate disease

GATA1 is a transcription factor regulating
many genes associated with

megakaryocyte development therefore
GATA1 defects cause alterations of

megakaryocyte maturation [17]

Dyserythropoietic anemia,
beta-thalassemia, congenital

erythropoietic porphyria,
splenomegaly

GFI1B GFI1B-related
thrombocytopenia

GFI1B is a transcription factor involved in
homeostasis of hematopoietic stem cells

and development of megakaryocytes
therefore GFI1B defects cause alterations of

megakaryocyte maturation [18]

Mild myelofibrosis
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Table 1. Cont.

Defective Step of
Thrombopoiesis

Affected
Gene

Disorder Pathogenic Mechanism (Reference)

Additional Features
(e.g., Syndromic
Manifestations,
Predisposition)

HOXA11
Amegakaryocytic

thrombocytopenia with
radio-ulnar synostosis

HOXA11 is a transcription factor involved
in the regulation of early hematopoiesis, its

defect causes reduced number of
megakaryocytes [19]

Bilateral radioulnar synostosis,
severe bone marrow failure

culminating
in aplastic anemia in majority

of cases, cardiac and renal
malformations, hearing loss,

clinodactyly, skeletal
abnormalities, pancytopenia

MECOM

MECOM is a transcription factor involved
in the regulation of early hematopoiesis, its

defect causes reduced number of
megakaryocytes [20]

IKZF5 IKZF5-related
thrombocytopenia

IKZF5 is a previously unknown
transcriptional regulator of

megakaryopoiesis [21]
Not reported

MPL
Congenital

amegakaryocytic
thrombocytopenia

MPL is the receptor for thrombopoietin.
MPL defects cause impaired

thrombopoietin binding and thus impaired
megakaryocyte maturation [22]

Acquired bone marrow aplasia

NBEAL2 Gray platelet syndrome

Mutations in NBEAL2 cause impaired
megakaryocyte maturation however its

role in megakaryocytopoiesis is not
clear [23]

Myelofibrosis, immune
dysregulation (autoimmune

diseases, positive
autoantibodies, reduced

leukocyte counts),
proinflammatory profile

RBM8A Thrombocytopenia-absent
radius

RBM8A is a protein of the exon-junction
complex involved in RNA processing. It

has been hypothesized that RBM8A defects
cause wrong mRNA processing of

unknown components of the TPO-MPL
pathway impairing megakaryocyte

maturation [24]

Bilateral radial aplasia,
anemia, skeletal, urogenital,

kidney, heart defects

RUNX1

Familial platelet disorder
with predisposition to

hematological
malignancies

RUNX1 is a transcription factor regulating
many genes associated with

megakaryocyte development therefore
RUNX1 mutations promote defective

megakaryocyte maturation [25]

Predisposition to
hematological malignancies

THPO THPO-related disease

THPO is the gene for thrombopoietin,
essential for hematopoietic stem cell

survival and megakaryocyte maturation
[26]

Bone marrow aplasia

Defective platelet
produc-

tion/increased
clearance

ACTB
Baraitser–Winter
syndrome 1 with

macrothrombocytopenia

Mutations in β-cytoplasmic actin inhibit
the final stages of platelet maturation by
compromising microtubule organization

[27]

Microcephaly, facial anomalies,
mild intellectual disability,

developmental delay

ACTN1 ACTN1-related
thrombocytopenia

ACTN-1 is involved in cytoskeletal
remodeling, defects in ACTN-1 cause
defective proplatelet formation [28]

Not reported

ARPC1B

Platelet abnormalities
with eosinophilia and

immune-mediated
inflammatory disease

The actin-related protein 2/3 complex
(Arp2/3) is a regulator of the actin

cytoskeleton and its mutation causes
impaired proplatelet formation [29]

Immunodeficiency, systemic
inflammation, vasculitis,

inflammatory colitis,
eosinophilia, eczema,
lymphadenomegaly,

hepato-splenomegaly, growth
failure

CYCS CYCS-related
thrombocytopenia

CYCS is a mitochondrial protein with a
role in respiration and apoptosis.
Mutations in CYCS cause ectopic

premature proplatelet formation with an
unknown mechanism [30]

Not reported

DIAPH1 DIAPH1-related
thrombocytopenia

DIAPH1 is involved in cytoskeletal
remodeling, defects in DIAPH1 cause
defective proplatelet formation [31]

Hearing loss

FLNA FLNA-related
thrombocytopenia

Filamin A is involved in cytoskeletal
remodeling, defects in FLNA cause
defective proplatelet formation [32]

Periventricular nodular
heterotopia and

otopalatodigital syndrome
spectrum of disorders
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Table 1. Cont.

Defective Step of
Thrombopoiesis

Affected
Gene

Disorder Pathogenic Mechanism (Reference)

Additional Features
(e.g., Syndromic
Manifestations,
Predisposition)

GP1BA,
GP1BB, GP9

(loss of
function)

Bernard–Soulier
syndrome monoallelic The intracellular portion of the GPIb/IX/V

complex links the receptor to the
cytoskeleton. Disruption of this link causes

impaired proplatelet formation [33]

Not reported

Bernard–Soulier
syndrome biallelic

GP1BA
(gain of

function)

Platelet-type von
Willebrand disease

The extracellular portion of the GPIb/IX/V
complex binds VWF. Constitutive binding

of VWF to its receptor triggers the Src
kinases pathway causing impaired

proplatelet formation, ectopic platelet
production and increased platelet

clearance [34]

Not reported

ITGA2B,
ITGB3

ITGA2B/ITGB3-related
thrombocytopenia

Constitutive activation of αIIbβ3 causes
cytoskeletal perturbation leading to

impaired proplatelet formation [35,36]
Not reported

KDSR Thrombocytopenia and
erythrokeraderma

KDSR is an essential enzyme for de novo
sphingolipid synthesis, this suggests an

important role for sphingolipids as
regulators of cytoskeletal organization

during megakaryopoiesis and proplatelet
formation [37]

Dermatologic involvement
ranging from

hyperkeratosis/
erythema to

ichthyosis. One family with no
or very mild

skin lesions but associated
anemia has been

reported

MYH9 MYH9-related disorder

MYH9 regulates cytoskeleton remodeling
and mediates signal transduction
pathways involved in proplatelet

formation. Abnormalities of MYH9 cause
hyperactivation of the Rho/ROCK

pathway causing ectopic platelet formation
[38]

Kidney disease, cataract,
deafness, elevated liver

enzymes

MPIG6B Thrombocytopenia,
anemia and myelofibrosis

G6b-B is a transmembrane receptor with an
ITIM motif with a not well defined role in

proplatelet formation [39]

Microcitic anemia,
myelofibrosis, leukocytosis

may be present

PRKACG PRKACG-related
thrombocytopenia

PKA activates many proteins involved in
megakaryocyte and platelet function,

among them FLNa and GPIbβ therefore its
dysfunction causes impaired proplatelet

formation [40]

Not reported

STIM1 Stormorken syndrome

STIM1 mutations cause a constitutively
active store operated Ca2+ release-activated
Ca2+ (CRAC) channel which triggers Ca2+

entry with consequent increased clearance
of activated platelets [41]

Tubular myopathy and
congenital myosis. Severe

immune dysfunction

TRPM7 TRPM7-related
thrombocytopenia

Defects of the Mg2+ channel TRPM7, a
regulator of embryonic development and

cell survival, cause cytoskeletal alterations
resulting in impaired proplatelet formation

[42]

Atrial fibrillation

TPM4 TPM4-related
thrombocytopenia

Tropomyosin 4 is an actin cytoskeletal
regulator. Insufficient TPM4 expression in

human and mouse megakaryocytes
resulted in a defect in the terminal stages

of platelet production [43]

Not reported

TUBB1 TUBB1-related
thrombocytopenia

Tubulin beta1 is a major component of
microtubules therefore defects in TUBB1

cause impaired proplatelet formation [44]
Not reported
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Table 1. Cont.

Defective Step of
Thrombopoiesis

Affected
Gene

Disorder Pathogenic Mechanism (Reference)

Additional Features
(e.g., Syndromic
Manifestations,
Predisposition)

WAS

Wiskott–Aldrich
syndrome The WASP protein is a regulator of the

actin cytoskeleton and its defect causes
ectopic platelet formation and increased

platelet clearance [45]

Immunodeficiency,
hematopoietic malignancies,

eczema, autoimmune
hemolytic anemia.

X-linked
thrombocytopenia Not reported

Other/unknown
pathogenic
mechanism

ABCG5,
ABCG8

Thrombocytopenia
associated with
sitosterolemia

ABCG5 and ABCG8 regulate plant sterol
and cholesterol absorption. It is supposed

that sterol-enriched platelets are more
rapidly cleared [46]

Xanthomas and pre-mature
coronary atherosclerosis due

to
hypercholesterolemia

CDC42
Takenouchi-Kosaki

syndrome with
macrothrombocytopenia

CDC42 is a critical molecule in various
biological processes including the cell cycle,
cell division, and the formation of the actin

cytoskeleton [47]

Defective growth and
psychomotor

development, intellectual
disability, facial

abnormalities, brain
malformation,
muscle tone

abnormalities,
immunodeficiency, eczema,

hearing/visual disability,
lymphedema,

cardiac, genitourinary, and/or
skeletal

malformations

GNE GNE-related
thrombocytopenia

GNE encodes an enzyme involved in the
sialic acid biosynthesis pathway and it is

known that thrombocytopenia is associated
with increased platelet desialylation [48]

Some patients presented
myopathy with

rimmed vacuoles with onset in
early adulthood

SLNF14 SLNF14-related
thrombocytopenia

SLNF14 is an endoribonuclease and its role
in the generation of thrombocytopenia is

unknown [49]
Not reported

SRC SRC-related
thrombocytopenia

Src-family kinase regulates multiple
signaling pathways, its role in the
generation of thrombocytopenia is

unknown [50]

Myelofibrosis, bone
pathologies, bone marrow
dysplasia, splenomegaly,

congenital facial
dysmorphism

PTPRJ PTPRJ-related
thrombocytopenia

PTPRJ is a protein tyrosine phosphatase
expressed abundantly in platelets and

megakaryocytes, its role in the generation
of thrombocytopenia is unknown [51]

None
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Figure 1. Genes involved in inherited thrombocytopenias classified according to the pathogenic mechanisms.

3.1. ITs Caused by Defective Megakaryocyte Maturation and Differentiation

ITs due to defective differentiation of hematopoietic stem cells (HSCs) into MKs are
characterized by the absence or severe reduction in the number of bone marrow MKs.

ITs caused by altered MK maturation are characterized by a normal or increased
number of bone marrow MKs which however are immature, dysmorphic and dysfunc-
tional and include at least 14 different forms. Eight of these are caused by mutations of
transcription factors with a key role in megakaryopoiesis, i.e., RUNX1, FLI1, GATA1, GFI1b,
ETV6, HOXA11, MECOM, IKZF5. These transcription factors regulate, as activator or
repressor, the expression of numerous genes, therefore these disorders are characterized
by the concurrent alterations of multiple steps in MK and platelet development. For in-
stance, RUNX1 transactivates transcription factors involved in MK maturation, proteins
of the MK cytoskeleton (MYH9, MYL9, MYH10) or implicated in α and dense granule
development (RAB1B, PLDN, NFE2) and members of the MK/platelet signaling pathways
(ANKRD26, MPL, PRKCQ, ALOX12, PCTP) [17]. FLI1 activates the transcription of sev-
eral genes associated with the production of mature MKs, including MPL, ITGA2B, GP9,
GPIBA and PF4 [52]. Thrombocytopenia of TCPT/JBS, caused by deletions of the long
arm of chromosome 11q, is due to reduced expression of FLI1 which is included in the
deleted region.

Disorders caused by GATA1 and GFI1B mutations are associated with erythrocyte
abnormalities showing the essential role of these transcription factors in controlling also
red cell production. Moreover, the predisposition to haematological neoplasms of patients
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with RUNX1 and ETV6 variants highlights how these pathogenic variants also disrupt
the homeostasis of myeloid and multipotent progenitors, respectively. Amegakaryocytic
thrombocytopenia with radio-ulnar synostosis (ATRUS), a rare IT which often evolves in
trilinear bone marrow failure, is due to variants in HOXA11 and MECOM, members of
a family of genes encoding for DNA-binding proteins involved in the regulation of early
hematopoiesis [53]. IKZF5 is a transcription factor with a non-clear role in hematopoiesis
and is involved in IKZF5-RT [21].

Variants in THPO, the gene coding for thrombopoietin, a growth factor essential for
hematopoietic stem cell survival and megakaryocyte maturation, and in MPL, coding
for the thrombopoietin receptor, cause THPO-related thrombocytopenia (THPO-RT) and
congenital amegakaryocytic thrombocytopenia (CAMT), respectively. FYB-RT is caused
by variants in the FYB gene, coding for a cytoskeletal protein [16], and thrombocytopenia-
absent radius is caused by variants in RBM8A, a protein of the exon-junction complex [24].
Finally, ANKRD26 and NBEAL2, proteins with an unknown role, are involved in ANKRD26-
RT [13] and Gray platelet syndrome (GPS) [23], respectively.

3.2. ITs Caused by Defective Platelet Production/Clearance

ITs derived from defects of the generation of proplatelets from mature MKs and/or of
the conversion of proplatelets to platelets in the bloodstream are characterized by normal
MK differentiation and maturation but by ectopic release of platelets in the bone marrow
and/or increased clearance of platelets from the circulation. Most of these forms are associ-
ated with enlarged platelets and derive from mutations in genes encoding for components
of the acto-myosin or microtubular cytoskeletal system, such as MYH9, ACTN1, FLNA,
TPM4, TRPM7 or TUBB1, or from mutations of genes for the major membrane glycoprotein
(GP) complexes GPIb/IX/V and GPIIb/IIIa that indirectly affect cytoskeletal structure
or reorganization, i.e., like biallelic and monoallelic Bernard Soulier syndrome (BSS) and
ITGA2B/ITGB3-RT. In the latter case macrothrombocytopenia results from the disruption
of the interactions of integrins with the actomyosin cytoskeleton which is essential for
preserving MK cytoskeletal structure and organization. For instance, ITGA2B/ITGB3-RT is
due to gain-of-function variants resulting in the constitutive, inappropriate activation of
GPIIb/IIIa triggering outside-in signaling with consequent altered remodeling of the actin
cytoskeleton [35,54,55]. Another example is platelet type VWD, or pseudo von Willebrand,
due to gain-of-function mutations that increase the affinity of GPIbα for VWF with the
consequent triggering of the Src kinases pathway downstream of activated GPIbα [34].

Wiskott–Aldrich syndrome (WAS) is a syndromic IT and X-linked thrombocytopenia
(XLT) is a milder variant with only isolated thrombocytopenia which derive from mutations
in the WAS gene leading to defective expression or activity of its product WASp. WASp is
expressed exclusively in hematopoietic cells and has a key role in actin polymerization and
cytoskeleton rearrangement. Studies in mice have shown ineffective platelet production
with ectopic proplatelet formation (PPF) within the bone marrow and impaired SDF1-
driven MK migration to the vascular niche [56]. The observation that splenectomy enhances
the platelet count in WAS and XLT patients however, suggests that increased platelet
clearance is also an important mechanism of thrombocytopenia in these disorders.

An additional group of IT belonging to those caused by impaired platelet production
is due to variants in genes not directly involved in proplatelet formation, such as CYCS-
RT, caused by dysfunction of a mitochondrial protein that causes thrombocytopenia by
enhancing an apoptotic pathway [30], or PRKACG-RT, leading to dysfunction of PKA,
which activates many proteins involved in megakaryocyte and platelet function such as
FLNa and GPIbβ [40]. The Stormorken syndrome is due to gain of function mutations of
STIM1 [57]. In these patients platelets circulate in an activated state due to a constitutively
active store operated Ca2+ release-activated Ca2+ (CRAC) channel which triggers Ca2+

entry with consequent increased clearance of activated platelets by the spleen which causes
a reduction in the number of circulating platelets [58].
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Ectopic proplatelet formation in bone marrow is a peculiar mechanism causing throm-
bocytopenia in FYB, GP1BA (gain-of-function variants) and MYH9.

3.3. ITs Caused by Unknown Pathogenic Mechanisms

One last group of ITs is caused by variants in genes not known to be involved in
megakaryocyte maturation or platelet production, and that cause thrombocytopenia by
still unknown mechanisms.

An interesting IT is thrombocytopenia associated with sitosterolemia, a rare autosomal
recessive disorder caused by mutations in two adjacent ATP-binding cassette transport
genes (ABCG5 and ABCG8) encoding proteins (sterolins-1 and -2) that pump sterols out
of cells [59]. Among the manifestations of this complex disorder due to the accumulation
of sterols in plasma and cell membranes are haematological abnormalities, including
thrombocytopenia, provoked by the increased stiffness of sterol-enriched membranes with
possible enhanced susceptibility to lysis and rupture [60].

Another recently discovered gene causing IT is SLFN14, an endoribonuclease degrad-
ing mRNA [49,61,62]. Alongside reduced platelet number, these patients show increased
platelet clearance and platelet dysfunction. However, the mechanism through which mu-
tations in SLFN14 induce enhanced platelet turnover and abnormal platelet function is
unknown. Similarly, the pathogenic mechanisms of one of the most recently reported
causative genes of IT, GNE, are unknown. Mutations of GNE, the gene encoding Glu-
cosamine (UDP-NAcetyl)-2-Epimerase/N-Acetylmannosamine kinase, cause sialuria and
hereditary inclusion body myopathy [63] but are also associated with severe thrombocy-
topenia characterized by shortened platelet lifespan, but the exact mechanisms have not
been clarified [48].

4. Diagnostic Approach

4.1. Introduction

Patients referred for investigation of bleeding symptoms should undergo preliminary
laboratory investigations including full blood count, prothrombin time, activated partial
thromboplastin time and von Willebrand factor (VWF) screening tests (VWF antigen,
ristocetin cofactor activity and factor VIII coagulant activity). If from full blood count
thrombocytopenia is identified, a diagnostic work-up for IT should be pursued. If these are
normal the presence of an inherited platelet function disorder (IPFD) should be explored.
IPFD are listed under Table 2.

Table 2. Inherited platelet function disorders: disorders in which platelet dysfunction is the dominant phenotypic feature
independent of platelet count.

Disease Inheritance Gene
Bleeding
Diathesis

Arthrogryposis, renal dysfunction and
cholestasis AR VPS33B

VIPAS39 Severe

CalDAG-GEFI related platelet disorder AR RASGRP2 Moderate-severe

Cediak-Higashi Syndrome AR CHS1 Moderate-severe

Combined alpha-delta granule deficiency AR/AD Unknown Mild-moderate

COX-1 deficiency AR/AD PTGSA Moderate-severe

Delta granule deficiency AR/AD Unknown Mild-moderate

Glanzmann thrombasthenia AR ITGA2B, ITGB3 Moderate-severe

Glycoprotein IV (GPIV) deficiency AR GP4 Mild

Glycoprotein VI (GPVI) deficiency AR GP6 Mild

Gs platelet defect AD (if paternally
inherited) GNAS Mild
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Table 2. Cont.

Disease Inheritance Gene
Bleeding
Diathesis

Hermansky–Pudlak syndrome AR
HPS1, ADTB3A, HPS3, HPS4,

HPS5, HPS6, DTNBP1,
BLOC1S3, AP3D1, BLOC1S6

Moderate-severe

Leukocyte adhesion deficiency, type III AR FERMT3 Moderate-severe

P2Y12 deficiency AR P2RY12 Moderate-severe

Phospholipase A2 (cPLA2) deficiency not determined PLA2G4A Moderate-severe

PKCδ deficiency AR PRKCD Absent

Primary secretion defect AR/AD Unknown Mild-moderate

Quebec platelet disorder AD PLAU Moderate-severe

Scott syndrome AR TMEM16F Mild-moderate

Thromboxane A2 receptor defect AD TBXA2R Mild

Tx synthase deficiency AD/AR TBXAS1 Moderate

The diagnostic approach to ITs can be divided into two steps. The first is the recogni-
tion of the hereditary nature of thrombocytopenia, the second is the diagnosis of a specific
disorder. In fact, ITs are often confused with acquired thrombocytopenias, leading many
patients to receive futile and often dangerous treatments. Careful medical history and accu-
rate evaluation of some simple laboratory parameters help to avoid misdiagnosis [64,65]. A
diagnostic algorithm for inherited thrombocytopenias was proposed several years ago and
it is still valid to orient towards specific disorders [66,67]. History and clinical examination
are crucial for patients with syndromic forms, whereas cell counting and the examination
of peripheral blood films may guide diagnosis in non-syndromic forms [68]. However, in
most cases genetic studies are required to confirm the diagnostic suspicion [3,69]. Here we
propose a diagnostic flow chart for diagnosis of IT.

4.2. Clinical Examination

The first step for IT diagnosis is a careful clinical evaluation of the proband, including
the personal and family bleeding history. Treatment with drugs (continuous or inter-
mittent), recent infection, previously diagnosed haematologic disease, nonhaematologic
diseases known to decrease platelet counts (e.g., eclampsia, sepsis, DIC, anaphylactic shock,
hypothermia, massive transfusions), recent live virus vaccination, poor nutritional status,
pregnancy, recent organ transplantation from a donor sensitized to platelet alloantigens
and recent transfusion of a platelet-containing product in an allosensitized recipient should
be excluded. Thrombocytopenia and/or bleeding history in other family members support
the hypothesis of an IT, however a negative family history does not exclude it because
some forms are recessive or derive from de novo mutations.

The most severe ITs, such as congenital amegakaryocytic thrombocytopenia or biallelic
BSS, are typically identified early in infancy because of bleeding diathesis, while for several
ITs spontaneous bleeding is absent or very mild explaining why they are often recognized
in adult life.

Besides hemorrhagic manifestations, physical examination should also explore other
organs/systems abnormalities for syndromic ITs.

In most syndromic forms the associated manifestations are present since the first
months of life, such as in CAMT, Jacobsen and Wiskott–Aldrich syndrome and thrombocy-
topenia with absent radii, while in others they may become apparent later in life, such as
renal failure in MYH9-RD, and in the latter case their genetic origin may be missed.
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4.3. Laboratory Tests

At the first identification of thrombocytopenia, “pseudothrombocytopenia”, a rela-
tively common artifactual phenomenon caused by platelet clumping in the test tube due to
the presence of EDTA (ethylenediaminetetraacetic acid) as anticoagulant accounting for
0.07% to 0.27% of all cases of isolated thrombocytopenia, should be excluded [70].

Evaluation of peripheral blood smears can guide the diagnostic workup because 29
of the 41 forms that have been identified so far display morphological abnormalities of
platelets, granulocytes, and/or erythrocytes [68].

When platelet size is reduced, X-linked thrombocytopenia (XLT), WAS and ITs as-
sociated with variants in FYB and PTPRJ should be considered [71]. When platelet size
is enhanced MYH9-RD, BSS, GPS, thrombocytopenia linked to DIAPH1, FLNA, GATA-
1, GNE, TUBB-1, GFI1b, PRKACG, SLF14, TRPM7, TPM4 and ACTN1, Paris-Trousseau
thrombocytopenia, PT-VWD, ITGA2B/ITGB3-RT or thrombocytopenia associated with
sitosterolemia should be considered. Among these, giant platelets characterize MYH9-RD,
bBSS and TUBB1-RT. ITs associated with a normal platelet size instead are ATRUS, SRC-RT,
TAR, thrombocytopenia and erythrokeraderma, CYCS-RT, FLI1-RT, IKZF5-RT, THPO-RT,
ANKRD26-RT, CAMT, ETV6-RT and FPD/AML.

Abnormality of platelet granules may be observed in some ITs, with reduced or absent
granules with enlarged platelets in GPS and GFI1b-RT and with reduced granules with
normal-sized platelets in ANKRD26-RT [13,23,72].

Immunofluorescence performed on blood smears has recently been proposed as a
method to identify defective membrane protein expression, disturbed distribution of
cytoskeletal proteins, and reduction of α or delta granules, however this method requires
interlaboratory validation [68].

Classic tests of platelet function, such as aggregometry (light transmission or impedance
aggregometry), flow cytometry, secretion assays, electron microscopy and western blotting,
may help for some ITs as subsequent steps in the diagnostic algorithm (Table 3) [18,73–75].

Table 3. Main features of inherited thrombocytopenias.

Form Disease Inheritance
Degree of Throm-

bocytopenia
Key Laboratory Features References

Syndromic

Amegakaryocytic
thrombocytopenia with
radio-ulnar synostosis

(ATRUS)

AD severe Normal platelet size and
morphology [19,20]

Baraitser–Winter syndrome
1 with

macrothrombocytopenia
AD absent

Macrothrombocytopenia;
leukocytosis with eosinophilia,

leukopenia
[27]

FLNA-related
thrombocytopenia XL moderate

Macrothrombocytopenia;
impaired platelet aggregation

GPVI-triggered; heterogeneous
α-granules, occasionally giant;
abnormal distribution of FLNa

[32]

GATA-1-related disease XL severe

Macrothrombocytopenia;
reduced platelet aggregation by
collagen and ristocetin; reduced
α-granule content and release

[17]

GNE-related
thrombocytopenia AR from mild to

severe Macrothrombocytopenia [48]

Gray platelet syndrome AR moderate/severe

Macrothrombocytopenia; grey
or pale platelets;

dyserytropoiesis; absence of
α-granules; defective

TRAP-induced platelet
aggregation

[23]
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Table 3. Cont.

Form Disease Inheritance
Degree of Throm-

bocytopenia
Key Laboratory Features References

Paris-Trousseau
thrombocytopenia, Jacobsen

syndrome
AD severe

Macrothrombocytopenia;
defective platelet aggregation
by thrombin; giant α-granules

[15]

Platelet abnormalities with
eosinophilia and

immune-mediated
inflammatory disease

AR moderate

Small platelets; eosinophilia;
reduced platelet spreading;

decreased platelet dense
granules

[29]

PTPRJ-related
thrombocytopenia AR moderate/severe

Microthrombocytopenia;
impaired activation by the

GPVI-specific agonist convulxin
and the thrombin

receptor-activating peptide but
normal response to ADP

[51]

SRC-related
thrombocytopenia AD moderate/severe Platelets deficient in granules

and rich in vacuoles [50]

Stormorken syndrome AD moderate/severe

Howell-Jolly bodies in red
blood cells; enhanced annexin V

binding, defective GPIIb/IIIa
activation (PAC-1)

[41]

Takenouchi-Kosaki
syndrome with

macrothrombocytopenia
AD absent

Macrothrombocytopenia,
abnormal platelet spreading

and filopodia formation
[47]

Thrombocytopenia-absent
radius syndrome (TAR) AR severe Normal platelet size and

morphology, thrombocytopenia [24]

Thrombocytopenia and
erythrokeraderma AR moderate

Thrombocytopenia and
presence of

3-keto-dihydrosphingosine in
plasma

[37]

Thrombocytopenia, anemia
and myelofibrosis AR mild/moderate Macrothrombocytopenia,

anemia [39]

Wiskott–Aldrich syndrome XL severe Microthrombocytopenia;
Reduced α/δ granules release [45]

X-linked thrombocytopenia XL mild/moderate Microthrombocytopenia;
Reduced α/δ granules release [45]

Non-
syndromic

ACTN1-related
thrombocytopenia AD mild Macrothrombocytopenia [28]

Bernard Soulier syndrome
monoallelic

biallelic

AD
AR

mild
moderate/severe

Macrothrombocytopenia; lack
of platelet agglutination to

ristocetin with normal
aggregation to other agonists;
severe reduction or complete

lack of GPIb/IX/V

[33]

CYCS-related
thrombocytopenia AD mild Normal platelet size and

morphology [30]

FLI1-related
thrombocytopenia AD/AR moderate

Reduced platelet aggregation in
response to collagen and PAR-1
agonists; δ-granule deficiency

[15]

FYB-related
thrombocytopenia AR moderate/severe

Microthrombocytopenia;
increased expression of

P-selectin and PAC-1 by resting
platelets but impaired upon

stimulation with ADP

[16]
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Table 3. Cont.

Form Disease Inheritance
Degree of Throm-

bocytopenia
Key Laboratory Features References

GFI1b-related
thrombocytopenia AD/AR mild/moderate

Macrothrombocytopenia;
dyserytropoiesis; reduced

α-granule content and release;
diminished expression of

GPIbα, red cell anisocytosis

[18]

IKZF5-related
thrombocytopenia AD absent Thrombocytopenia; deficiency

of platelet alpha granules. [21]

ITGA2B/ITGB3-related
thrombocytopenia AD mild/moderate

Macrothrombocytopenia;
reduced GPIIb/IIIa; defective
GPIIb/IIIa activation (PAC-1)

[35,36,54]

PT-VWD AD mild/moderate

Macrothrombocytopenia;
increased response to ristocetin
and decreased VWF-ristocetin
cofactor activity (VWF:RCo)
Mixing tests discriminate the

plasmatic (VWD type2B) from
platelet (PT-VWD) origin of
hyperreactivity to ristocetin

[36,76,77]

PRKACG-related
thrombocytopenia AR severe

Macrothrombocytopenia;
defective platelet αIIbβ3
activation and P-selectin

exposure in response to TRAP6;
defective Ca2+ mobilization in

response to thrombin

[40]

THPO-related
thrombocytopenia AD mild Normal or slightly increased

platelet size [26]

TRPM7-related
thrombocytopenia AD mild/moderate

Macrothrombocytopenia;
aberrant distribution of

granules
[42]

Tropomyosin 4
(TPM)-related

thrombocytopenia
AD mild Macrothrombocytopenia [43]

TUBB-1-related
thrombocytopenia AD mild Macrothrombocytopenia;

platelet anisocytosis [44]

SLFN14-related
thrombocytopenia AD mild/moderate

Macrothrombocytopenia;
δ-granule deficiency with

decreased ATP secretion in
response to ADP, collagen and

TRAP-6

[49]

Forms pre-
disposing

to
additional
diseases

ANKRD26-related
thrombocytopenia AD mild/moderate Reduced α-granules in some

patients [13]

Congenital amegakaryocytic
thrombocytopenia (CAMT) AR severe Elevated serum levels of TPO [22]

DIAPH1-related
thrombocytopenia AD mild/severe Macrothrombocytopenia [31]

ETV6-related
thrombocytopenia AD mild/moderate

Decreased ability of platelets to
spread on fibrinogen covered

surfaces; abnormal clot
retraction

[14]
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Table 3. Cont.

Form Disease Inheritance
Degree of Throm-

bocytopenia
Key Laboratory Features References

Familial platelet disorder
with predisposition to

hematological malignancies
(FPD/AML)

AD moderate

Abnormal aggregation in
response to multiple agonists; δ

(occasionally α)-granule
deficiency

[25]

MYH9-related disease AD mild/severe
Macrothrombocytopenia;

Döhl-like body cytoplasmic
leukocyte inclusions

[38]

Thrombocytopenia
associated with
sitosterolemia

moderate/severe

Macrothrombocytopenia;
hyperactivatable platelets with

constitutive binding of
fibrinogen to αIIbβ3 integrin;
shedding of GPIbα; impaired

platelet adhesion to von
Willebrand factor

[46]

The platelet aggregation pattern may be typical of some ITs like biallelic BSS, associated
with no response to ristocetin but normal aggregation to all other agonists, or PT-VWD,
with increased response to ristocetin.

Measurement of platelet glycoproteins by flow cytometry, using a well-defined set
of antibodies, is the gold standard for the diagnosis of biallelic and monoallelic BSS,
ITGA2B/ITGB3-RT and GFI1B-RT.

The measurement of platelet granule content and secretion can reveal alterations,
e.g., in WAS and thrombocytopenia with absent radii (TAR) a reduced number of dense-
granules has been reported, GPS is characterized by absent or reduced α-granules [78],
Paris-Trousseau (PTS) and Jacobsen syndromes show abnormally large α-granules, while
patients with FLNA-RT show some platelets having a reduced number of α-granules and
others with enlarged α-granules [15,79].

Other structural abnormalities, like membranous inclusions, platelet organelle abnor-
malities, endoplasmic reticulum (ER)-derived inclusion bodies or particulate cytoplasmic
structures with immunoreactivity for polyubiquitinated proteins and proteasome (PaCSs) [32],
can be detected by electron microscopy in platelets from some specific ITs (Table 3) [18].

Additional tests may be required for complex cases, including the measurement of
platelet phosphatidylserine expression, by flow cytometry, to detect enhanced procoag-
ulant activity (Stormorken syndrome), spreading or adhesion assays to detect increased
spreading in FLNA-RT, or western blotting for detection of specific proteins usually absent
from platelets (e.g., MYH10 in FPD/AML and FLI1-RT).

Some additional non platelet-related laboratory tests may complement physical exam-
ination in the search for syndromic manifestations, like urinalysis, to detect proteinuria as
the first sign of renal impairment in MYH9-RD, or the liver enzymes, which are elevated in
approximately 50% of patients with this disease [80].

4.4. Genetic Analysis

While genotyping has mainly been used as a confirmatory test in the past, it is now
playing an increasing role in the initial diagnostic approach to IT.

Until a few years ago, in fact, when the inherited nature of thrombocytopenia was
suspected, a series of laboratory tests (e.g., flow cytometry for platelet surface GPs, ex-
amination of peripheral blood smear and immunofluorescence assay for MYH9 protein
aggregates in neutrophils, platelet aggregometry) were performed to orient towards the
candidate gene/genes to be sequenced by Sanger sequencing [66]. The application of
high throughput sequencing (HTS) techniques to platelet disorders has allowed for the
discovery of several novel genes associated with IT in a few years and has opened the
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possibility of approaching IT diagnosis by a single-step strategy. In fact, the simultaneous
screening of several genes by targeted sequencing platforms, whole exome sequencing
(WES) or whole genome sequencing (WGS) has been shown to provide diagnosis in 30%
to 50% of patients with suspected IT [81–83]. Indeed, HTS is being proposed as a first
line diagnostic investigation by an increasing number of authors [82–85]. However, the
interpretation of genetic variants is challenging and requires a careful expert team eval-
uation in light of a well characterized patient phenotype [84] and when new variants
in diagnostic-grade (TIER1) genes are found by targeted sequencing, WES or WGS or
new genes are identified by WES or WGS it is essential that rigorous guidelines (i.e., the
ACMG guidelines [86]) are applied to confirm their pathogenicity [84]. No guidelines
are available yet regarding which suspected IT patients should undergo genetic testing.
Some ITs with pathognonomic laboratory or clinical features, such as BSS, TAR, GATA1-RD,
ATRUS, Stormorken syndrome and WAS, can be clearly diagnosed without the need of
genetic testing. For other ITs, for which a strong genotype–phenotype correlation has been
described, e.g., MYH9-RD, genotyping may be advisable for prognostic evaluation and
possible preventive intervention. Other forms that do not have any specific diagnostic,
clinical or laboratory features would require genetic testing for definite diagnosis. However,
for some of these, e.g., ACTN1-RT or TUBB1-RT, a genetic diagnosis does not have any sig-
nificant impact on patient management, while for others it may inform patients monitoring
and treatment. Among these there are thrombocytopenias with normal platelet volume,
including forms like FPD/AML, ANKRD26-RT and ETV6-RT which are predisposed to
hematological malignancies (Figure 2). There are ethical implications of detecting variants
in these genes and other unexpected genetic defects, such as a carrier status of a recessive
gene. It is thus recommended to strictly follow an informed consent protocol ensuring that
patients comprehend the possible implications of unsolicited genetic findings [85].

Figure 2. Proposal of a flow chart guiding the use of genetic testing for patients with suspected IT. ACTB = Baraitser–Winter
syndrome 1 with macrothrombocytopenia, ARPC1B = Platelet abnormalities with eosinophilia and immune-mediated
inflammatory disease, ATRUS = amegakaryocytic thrombocytopenia with radio-ulnar synostosis, bBSS = biallelic Bernard
Soulier syndrome, CAMT = congenital amegakaryocytic thrombocytopenia, MPIG6B = thrombocytopenia, anemia and
myelofibrosis, PT-VWD = platelet-type von Willebrand disease, RD = related disorder, RT = related thrombocytopenia,
TAR = thrombocytopenia with absent radii, XLT = X-linked thrombocytopenia, WAS = Wiskott–Aldrich syndrome.
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In summary, the optimal diagnostic approach to ITs is still being debated and a combina-
tion of clinical/traditional laboratory approach with advanced gene sequencing techniques
may provide the highest rate of diagnostic success [69], and the best patient management.

4.5. Undefined Aspects and Possible Future Research Lines

A consensus on the classification of ITs has not been reached yet, but it would be
highly advisable to avoid, for example, ambiguity on disease nomenclature.

A guidance flow chart about which suspected IT patients should undergo genetic
testing is not yet available and the generation of consensus documents promoted by the
relevant international scientific societies (ISTH, EHA, ASH) is highly warranted.

Moreover, development of guidelines on informed consent documents, reporting
of new variants in variant databases to improve variant classification, development of
user-friendly interpretation softwares of HTS results, promotion of research for discovery
of new genes causing IT and development of advanced cell-based models to study platelet
formation and function are valuable future perspectives.

5. Bleeding and Other Manifestations

Bleeding manifestations of IT are of variable severity, ranging from severe in rare cases,
recognized within a few weeks from birth, to mild or absent [87]. They are characterized
by mucocutaneous symptoms, including epistaxis, easy bruising, petechiae, prolonged
bleeding from cuts, gum bleeding, hematuria and menorrhagia in women but also by
excessive bleeding after surgery or post-partum hemorrhages [5,88,89].

A recent large systematic investigation on the diagnostic utility of the ISTH bleeding
assessment tool (ISTH-BAT) in patients with inherited platelet disorders showed that the
bleeding history of most patients with IT without associated platelet function defect is
not severe, with a median ISTH-BAT bleeding score (BS) of 2, quite comparable to that of
healthy subjects [65]. Usually, the bleeding risk is negligible in subjects with more than
100 × 109 platelets/L, mild/moderate in subjects with 50–100 × 109 platelets/L (risk of
hemorrhages on the occasion of major hemostatic challenges) and significant when platelets
are lower than 50 × 109/L, especially when below 20 × 109/L [90].

On the other hand, in ITs associated with defective platelet function (Table 2) the
bleeding history shows a moderate/severe hemorrhagic tendency, with high BS, like in
patients with biallelic-BSS (median BS 8.5), GPS (median BS 12) and ITGA2B/ITGB3-RT
(median BS 8) [65]. For other rare and/or underdiagnosed ITs, such as PT-VWD, GATA-1
RD or CYCS-RT [65,91], the hemorrhagic risk is still poorly defined.

Pregnancy and delivery are a major concern for patients with ITs because both the
mother and the affected newborn may be at risk of bleeding. A large multicentric, ret-
rospective study evaluated 339 pregnancies in 181 women with 13 different forms of IT
and showed that neither the degree of thrombocytopenia nor the severity of the bleeding
tendency worsened during pregnancy and that, in general, the course of pregnancy did not
differ from that of healthy subjects. However, post-partum hemorrhage was more frequent
in ITs, ranging from 6.8% to 14.2% vs. 3% to 7% in control women, with the degree of
thrombocytopenia (platelet count at delivery below 50 × 109/L) and previous history of
severe bleeding being predictive of delivery-associated hemorrhage. Patients with MYH9-
RD, ANKRD26-RT, biallelic and monoallelic BSS, FPD/AML, GPS and PT-VWD showed
the highest frequency of post-partum bleeding [72].

Delivery-related neonatal hemorrhages were instead quite rare (4.5% of affected new-
borns), although two fatal cerebral hemorrhages out of 278 childbirths were reported [72].
Recently, pregnancy and delivery in a woman with DIAPH1-RD were reported with no
changes in platelet count and no bleeding at delivery or postpartum [92].

Another feared complication in patients with IT is excessive bleeding after surgery and
a multicentric, retrospective worldwide study recently assessed the bleeding complications
of surgery, the preventive and therapeutic approaches adopted and their efficacy in patients
with inherited platelet disorders. The study showed that the frequency of surgical bleeding
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was higher in patients than in healthy controls (19.7% vs. 1.4%–6%), however in patients
with IT and normal platelet function bleeding incidence was relatively low (13.4%) with
68 × 109/L platelets being the threshold below which bleeding rate increased significantly,
while in IT patients with associated platelet dysfunction post-surgical hemorrhage was
frequent, in particular in those with bBSS (44.4%), FPD/AML (30.8%), GPS (23.5%) and
ITGA2B/ITGB3-RT (22.7%) [93].

Although bleeding is conventionally considered the main clinical complication in
patients with IT, some ITs have the propensity to develop other disorders, including
hematological malignancies or bone marrow aplasia [82,94], while others have associated
syndromic manifestations, like skeletal malformations, liver and kidney malfunction and
deafness. For instance, 40% of subjects with FDP/AML develop acute myelogenous
leukemia (AML) or myelodysplastic syndromes (MDS) with a median age of onset of 33
years old, 8% of subjects with ANRD26-RT develop MDS or AML and 25% of subjects
with ETV6-RT develop hematologic malignancies [95]. Moreover, genotype–phenotype
correlation studies in MYH9-RD patients have reported that variants in the head domain
of MYH9 are associated with more severe thrombocytopenia and a higher frequency
and/or rapid progression of deafness and nephropathy than variants in the tail domain,
with the amino acid substitution p.Arg702Cys being associated with the most severe
phenotype [96,97].

6. Prophylaxis and Treatment Options

The management of patients with IT should aim to prevent bleeding and treat hem-
orrhages but also to arrest or slowdown the development of systemic complications or
treat them [98,99].

6.1. General Prophylactic Measures

Patients should avoid drugs interfering with platelet function, such as aspirin and
non-steroidal anti-inflammatory drugs, perform accurate dental hygiene, and, for the
most serious forms, avoid contact sports. Given the possibility that these patients will
be exposed to blood transfusions during their life, it is important that they receive im-
munization against hepatitis A and B and annual liver function tests [99]. Correction of
iron deficiency is often required, especially in children and young women [100]. Prenatal
diagnosis can be carried out for the most serious forms when the familial mutation is
known. Moreover, mutational screening of potential sibling donors is highly warranted
for patients with risk of developing hematological malignancy who may therefore require
future hematopoietic stem cells transplantation, such as in FPD/AML, ANKRD26-RT and
ETV6-RD [101]. Screening for renal failure and cataract in MYH9-RT, for deafness in MYH9-
RD and DIAPH1-RT, and for myelofibrosis and immune disorders in GPS is warranted. In
fact, immune derangement in GPS has been recently shown, with more than one-half of
patients having detectable autoantibodies and one-quarter clinically evident autoimmune
disorders, including Hashimoto’s thyroiditis, rheumatoid arthritis, alopecia, discoid lupus
erythematosus, vitiligo and atypical autoimmune lymphoproliferative syndrome usually
associated with cytopenia of at least one leukocyte type [79].

6.2. Female Hormones

Menarche, particularly in patients with BSS, may be associated with excessive bleed-
ing [89]. This can be treated by intravenous (IV) infusion of high-dose conjugated estrogen
for 24–48 h followed by high doses of oral estrogen–progestin. Thereafter, a combined
oral contraceptive can be given continuously for 2–3 months. In women in whom antifib-
rinolytic agents fail to decrease menorrhagia, long term oral contraceptives can be given,
especially when iron deficiency anemia develops [102].
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6.3. Local Hemostatic Measures

Electrocautery and nasal packing are used for epistaxis, while compression, suturing,
and application of gelatin sponges or gauzes soaked in tranexamic acid for accidental
or surgical wound bleedings. Mouthwashes with tranexamic acid, application of fibrin
sealant or absorbable gelatin sponge with topical thrombin may be useful for gingival
bleeding. Non-conventional hemostatic agents, such as Ankaferd Blood Stopper has been
used in some patients in cases of inefficacy of the classical measures [103]. A relatively new
method proposed for the acceleration of wound healing are platelet-rich clots, due to the
release of several growth factors from platelets, although it still requires standardization
and validation [104]. Autologous platelet-rich clots were used with success, in conjunction
with tranexamic acid given orally, to prevent bleeding during dental extraction for a patient
with PT-VWD [105].

6.4. Platelet Transfusions

Given the risk of alloimmunization, allergic reactions and infections, platelet transfu-
sion should be used only for severe bleeding which cannot be managed by local measures.
Moreover, to prevent HLA-alloimmunization and reactions, HLA-matched and leukode-
pleted concentrates should be used. In case alloimmune antibodies develop, e.g., against
GPIb/IX/V in BSS, immunosuppression and/or plasmapheresis can restore platelet trans-
fusion efficacy.

Of note, the use of pre-operative antihemorrhagic prophylaxis was associated with
a lower bleeding frequency in patients with inherited platelet function disorders but not
with IT, indeed in the latter group bleeding was reported in 12.7% of the procedures carried
out without preparation and in 14.9% of the procedures carried out with pre-operative
antihemorrhagic prophylaxis. On the other hand, the choice of the preventive measures
did not appear to be always appropriate, in fact platelet transfusions, the most frequently
used prophylactic treatment, revealed to be poorly effective, suggesting that either other
treatments are required, or that the way platelet transfusions are employed (amount, type,
timing) is inappropriate [93].

6.5. Antifibrinolytic Agents

Antifibrinolytic agents (AF), such as ε-aminocaproic acid or tranexamic acid, used
as single drugs or in association with other treatments, have been shown to be useful for
covering minor surgery in patients with IT or in arresting epistaxis, gingival bleeding or
menorrhagia [93,96]. However, no specific prospective clinical study on the effectiveness of
these drugs in ITs has been performed, and should therefore be considered empirical. AFs
are usually contraindicated for hematuria given the risk of clot formation in the urinary
tract [106], however exceptions have been reported [107] and the evidence of AF-associated
clot risk is weak and based on old, uncontrolled data [108].

6.6. Desmopressin

Desmopressin (1-deamino-8-D-arginine vasopressin, DDAVP) is an approved treat-
ment for mild hemophilia A and type 1 von Willebrand disease, but is also used for
congenital and acquired defects of platelet function because it has a general prohemostatic
effect and it enhances the procoagulant activity of platelets [109]. Clinical studies on the ef-
ficacy of DDAVP in ITs are lacking, however DDAVP has been shown to successfully cover
minor surgery in some IT patients, such as MYH9-RD, ANKRD26-RT and Paris-Trousseau
syndrome [92,110,111]. In elderly patients and in patients with a history of cardiovascular
disease DDAVP should be used with caution for increased risk of thrombosis as well as in
infants below two years of age for the risk of fluid retention.

6.7. VWF-Rich Concentrates

VWF-rich concentrates are the most effective treatments, together with platelet trans-
fusions, for major bleeding in PT-VWD. The dose of VWF-rich concentrates depends on the
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level of VWF:RCo and can be adjusted on demand. A target of 50–60% VWF:RCo/VWF
activity in major surgery and 30–50% in minor ones is advisable (typically from 10 to
30 U/kg at 12 h intervals) [76].

6.8. Activated Recombinant Factor VIIa (rFVIIa)

rFVIIa is currently approved for treating hemophiliacs with inhibitors and patients
with Glanzmann thrombasthenia [112]. In the setting of ITs, rFVIIa has been success-
fully used as prophylactic measure for invasive procedures in biallelic BSS, PT-VWD and
TAR [113]. Severe adverse events, including myocardial infarction, ischemic stroke and
venous thromboembolism have occasionally been reported.

6.9. Eltrombopag

Eltrombopag is an oral TPO-mimetic indicated for chronic refractory immune throm-
bocytopenic purpura (ITP), severe aplastic anemia and HCV-related thrombocytopenia. It
has been shown to be effective in increasing transiently the platelet count in ITs. In two
phase 2 clinical trials, eltrombopag given for three to six weeks was shown to be safe and
effective in increasing platelet count and reducing bleeding symptoms in 10 out of 11 pa-
tients with MYH9-RD [114] and in 21 out of 23 patients with MYH9-RD, ANKRD26-RD,
XLT/WAS, monoallelic BSS and ITGA2B/ITGB3-RT [115].

Long-term eltrombopag (i.e., eltrombopag administration for more than six months)
to maintain stable safe platelet counts has been used in eight patients with WAS/XLT and
severe thrombocytopenia. Five responded well, obtaining a stable increase of platelet count
and reduction of spontaneous bleeding without major adverse events [116]. However,
potential side effects of a life-long treatment (such as bone marrow fibrosis) need to be
carefully considered.

Moreover, eltrombopag has been successfully used for preparation to surgery in
patients with MYH9-RD and severe thrombocytopenia [117–119]. Recently, treatment with
eltrombopag allowed to attain a safe and stable platelet count to allow chemotherapy in
a patient with MHY9-related disorder and pancreatic cancer and permitted to perform
endoscopic placement of a biliary stent with no bleeding complications [120].

6.10. Hematopoietic Stem Cell Transplantation (HSCT) and Gene Therapy

HSCT has become the treatment of choice for patients with WAS, with a 5-year
overall survival rate of 90%–100% [121], and with CAMT, with a long-term survival rate
of 80% [122], patients who have, without this treatment, a life expectancy of 15 years and
a few months, respectively [122,123]. Bone marrow transplantation from HLA-identical
donors has also been used with success in some cases of BSS with severe hemorrhage
and/or alloantibodies [124] and in patients with XLT [125]. However, a careful evaluation
of the risk-benefit ratio must always be made.

In humans, the feasibility of gene therapy has been proven in patients with WAS with
sustained clinical benefit, normalization of platelet volume and partial increase of platelet
count [126–128]. Research is ongoing for gene therapy of BSS in a mouse model [129] and
of CAMT in induced pluripotent stem cells [22].

6.11. Splenectomy

Splenectomy is effective in patients with WAS/XLT, increasing platelet count and
reducing the incidence of serious bleedings, however it significantly increases the incidence
of subsequent severe infectious events and it does not increase overall survival [130]. Thus,
the risk–benefit balance should be carefully weighed in each patient and vaccination and
anti-infective prophylaxis should always be performed [131].

7. Conclusions

Thrombocytopenia is a frequent condition for the internist and the hematologist, and
its differential diagnosis is frequently complex and cumbersome. Among the various
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possible etiologies of thrombocytopenias, inherited forms should be promptly recognized
to avoid unnecessary, and frequently potentially dangerous treatments, and to allow the
precise formulation of prognostic expectations.

Recent advances in the understanding of the pathogenic mechanisms of gene variants
provoking thrombocytopenia, of the phenotypic manifestations of specific IT-associated
gene variants, in the diagnostic approach to ITs and in the therapeutic opportunities have
yielded improvements in patient care and deeper insight into the physiologic regulation of
circulating platelet levels.

Future challenges are the identification of the genetic cause of the remaining 50%
of so far unclassified ITs, the unraveling of the precise phenotypic features of several IT
forms, the understanding of the role in megakaryopoiesis of some mutated genes found
to be associated with ITs, the development of new therapeutic approaches and of the best
use of those currently available and the identification of sophisticated in vitro models of
megakaryopoiesis to allow better modelling studies with patient derived MK or induced
pluripotent stem cells.

Only continued research and the creation of a wide international collaborative network
among investigators and clinicians in the field will allow to respond to these.
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Abstract: Thrombotic thrombocytopenic purpura (TTP) is a rare thrombotic microangiopathy charac-
terized by microangiopathic hemolytic anemia, severe thrombocytopenia, and ischemic end organ
injury due to microvascular platelet-rich thrombi. TTP results from a severe deficiency of the specific
von Willebrand factor (VWF)-cleaving protease, ADAMTS13 (a disintegrin and metalloprotease with
thrombospondin type 1 repeats, member 13). ADAMTS13 deficiency is most commonly acquired
due to anti-ADAMTS13 autoantibodies. It can also be inherited in the congenital form as a result of
biallelic mutations in the ADAMTS13 gene. In adults, the condition is most often immune-mediated
(iTTP) whereas congenital TTP (cTTP) is often detected in childhood or during pregnancy. iTTP
occurs more often in women and is potentially lethal without prompt recognition and treatment.
Front-line therapy includes daily plasma exchange with fresh frozen plasma replacement and im-
munosuppression with corticosteroids. Immunosuppression targeting ADAMTS13 autoantibodies
with the humanized anti-CD20 monoclonal antibody rituximab is frequently added to the initial ther-
apy. If available, anti-VWF therapy with caplacizumab is also added to the front-line setting. While
it is hypothesized that refractory TTP will be less common in the era of caplacizumab, in relapsed
or refractory cases cyclosporine A, N-acetylcysteine, bortezomib, cyclophosphamide, vincristine, or
splenectomy can be considered. Novel agents, such as recombinant ADAMTS13, are also currently
under investigation and show promise for the treatment of TTP. Long-term follow-up after the acute
episode is critical to monitor for relapse and to diagnose and manage chronic sequelae of this disease.

Keywords: thrombotic thrombocytopenic purpura; TTP; ADAMTS13; treatment; diagnosis;
follow-up; review; caplacizumab

1. Introduction

1.1. History of Thrombotic Thrombocytopenic Purpura

In 1924, Dr. Eli Moschcowitz described a previously healthy 16-year-old girl who
became acutely ill with fever, weakness, focal neurological symptoms, and severe thrombo-
cytopenia. Ultimately, she became comatose and died after one week. Autopsy revealed
widely disseminated thrombi in the terminal arterioles and capillaries of various organs
but the underlying etiology of this mysterious illness was unknown [1,2]. This poorly
understood condition was named thrombotic thrombocytopenic purpura (TTP) by Singer
in 1947 [3]. Two decades later, Amorosi and Ultmann introduced the classic diagnostic
pentad of TTP consisting of fever, thrombocytopenia, hemolytic anemia, renal injury, and
neurological manifestations. Their case series and review of the literature also highlighted
the >90% mortality rate of this devastating condition [4]. Shortly thereafter, case reports
detailing the successful treatment of congenital TTP (cTTP) patients with infusions of
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plasma led to the conclusion that a deficiency of an unknown plasma factor contributed to
the disease [5,6]. In 1982, Moake et al. first identified “unusually large” von Willebrand
factor (VWF) multimers in the plasma of four chronic relapsing TTP patients—similar to
the large multimers synthesized and secreted by human endothelial cells in culture. They
hypothesized that these hyperadhesive ultralarge VWF (ULVWF) multimers were due
to a suspected deficiency of a VWF depolymerase present in normal plasma [7]. Their
hypothesis was reinforced when a highly effective therapy for TTP, plasma exchange, was
described in 1991. The treatment of immune-mediated TTP (iTTP) was revolutionized
and the mortality rate was improved from >90% to 10–20% with prompt therapy [8]. Five
years later, a novel metalloprotease which specifically cleaved ULVWF was purified from
human plasma [9,10]. A severe deficiency of this protease was noted in TTP patients, both
through acquired autoantibodies and through an inherited deficiency [11,12]. In 2001,
this was subsequently identified as ADAMTS13 (a disintegrin and metalloprotease with
thrombospondin type 1 motifs, member 13), the only known function of which is to cleave
VWF [13–17]. As of 2020, the improved molecular understanding of TTP along with study
of survivors have allowed for marked advancements in diagnosis [18], treatment [19–22],
and the long-term management [23–25] of these patients.

1.2. Definitions and Terminology

Thrombotic microangiopathy (TMA) is a broad term which has both pathologic (oc-
clusive microvascular or macrovascular disease commonly with intraluminal thrombus
formation) and clinical (microangiopathic hemolytic anemia (MAHA) with thrombocy-
topenia) definitions [26,27]. The different entities presenting with TMA findings have
historically been difficult to distinguish from one another, but elucidating the pathophysiol-
ogy of TTP has allowed for more accurate differentiation. As a result, standard definitions
and terminology have been adopted [27,28].

TTP is characterized by MAHA with severe thrombocytopenia and variable organ is-
chemia, most commonly neurologic, cardiac, or renal [3,4,23,29]. The diagnosis is confirmed
by a severe deficiency (<10%) of ADAMTS13 activity [11,12,27]. TTP is further divided into
two categories based on the mechanism of ADAMTS13 deficiency: congenital (inherited)
vs. immune-mediated (acquired). Congenital TTP, also known as Upshaw–Schulman syn-
drome or hereditary TTP, is defined by a persistent severe deficiency (<10%) in ADAMTS13
caused by biallelic pathogenic mutations in the ADAMTS13 gene [27]. Immune-mediated
TTP, sometimes referred to as acquired TTP, is caused by ADAMTS13 deficiency mediated
by autoantibodies [12,27]. iTTP is further subdivided into primary iTTP, when there is
no obvious associated disorder, and secondary iTTP, when an associated condition can
be identified [27].

2. Epidemiology

iTTP typically presents in adulthood, accounting for 90% of cases [29]. The annual
incidence is 1.5–6 cases per million per year in adults [29–32]. Discrepancies in annual
incidence rate are likely due to demographic factors in the country of origin. In France and
Germany, which are predominantly Caucasian, the incidence is ~1.5 cases per million per
year [29,32]. The annual incidence in the U.S. is 2.99 cases per million per year, possibly a
result of the higher proportion of African Americans, who have an approximately eightfold-
increased incidence rate of TTP [31,33]. In a regional UK registry, the incidence rate was
found to be six per million, though this could represent an overestimation as TTP was
diagnosed clinically and did not rely on ADAMTS13 measurement in all cases [30].

Childhood-onset iTTP is considerably less common, comprising approximately 10% of
all cases [34]. There is a scarcity of data regarding the incidence and prevalence of child and
adolescent onset iTTP. The French National TMA Registry estimates the yearly incidence
of childhood-onset iTTP to be 0.2 new cases per million with a prevalence of 1 case per
million as of December 2015 [34]. This is consistent with the childhood iTTP incidence rate
found in the Oklahoma (U.S.) registry of 0.1 cases per million [31].
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Women are two to three times more likely to develop iTTP, which is consistent across
registries globally [29–32,34–37]. ADAMTS13 deficiency is caused by an acquired autoim-
mune mechanism for the vast majority of TTP cases.

An inherited deficiency of ADAMTS13 due to mutations in the ADAMTS13 gene
occurs in approximately 3–5% of patients with TTP [29–31,36]. The exact prevalence of
cTTP is uncertain, though some experts estimate this to be 0.5–2 cases per million; fur-
ther investigation is needed [38]. cTTP often presents in childhood prior to 10 years of
age [39–42] but large registries have reported that 10% of cases occur after the age of
40 [40–42]. cTTP accounts for a significant proportion of TTP cases in children and obstetri-
cal TTP patients, consisting of 33% and 34% of all cases in those cohorts respectively [29,34].

3. Pathophysiology

3.1. Role of ADAMTS13 and VWF in TTP

ADAMTS13 is a critically important enzyme, synthesized in hepatic stellate
cells [43,44], whose only known function is to regulate VWF multimers [9,10]. In phys-
iologic conditions, ADAMTS13 is in a latent, closed conformation and VWF, secreted
by platelets and endothelial cells, is in a globular state (Figure 1a) [45,46]. Proteolytic
activity of ADAMTS13 on VWF is dependent on the conformational change of both pro-
teins [45–50]. Under shear forces VWF unravels and exposes its A1 domain allowing for
interaction with platelets through the GpIb/IX/V complex (Figure 1b) [51–53]. In this
unraveled state, the A2 domain of VWF is elongated and exposes the ADAMTS13 binding
sites [48,50] and the cleavage site Tyr1605-Met1606 [9,10]. Initial interaction of CUB1-2
domains with VWF D4-CK domains allosterically activates ADAMTS13, inducing an open
conformation (Figure 1c) [47,49]. Sequential exosite interactions and binding of the
disintegrin-like domain of ADAMTS13 to VWF induces further allosteric activation of
the metalloprotease domain which results in proteolysis (Figure 1d) [54]. When severe
ADAMTS13 deficiency (<10%) is present, ULVWF multimers can accumulate leading
to unregulated platelet adhesion and aggregation, resulting in TTP with disseminated
microthrombi and organ ischemia [4,7,26].

Though a severe ADAMTS13 deficiency is necessary for the development of TTP,
enzyme deficiency alone may not be sufficient to induce the clinical syndrome [40,55–58].
Activation of the complement system has also been suggested to play a role in acute
TTP [59–62]. In fact, ULVWF multimers serve as a scaffold for the assembly and activation
of the alternative pathway of the complement system [61]. VWF acts as a cofactor for
complement factor I mediated cleavage and inactivation of complement C3b, thereby
regulating alternative pathway activation. This regulatory process is dependent on VWF
multimer size with the smaller, physiologic VWF multimers enhancing cleavage of C3b
and the ULVWF multimers losing this function [62]. Further studies have demonstrated
a correlation between the presence of ULVWF multimers and higher levels of sC5b-9,
C3a, and C5a [63]. Experimental mouse models have recently demonstrated a synergistic
effect of ADAMTS13 deficiency and complement dysregulation. Mice with Adamts13−/−
or heterozygous complement factor H (CFH) hyperfunctional mutation (cfhW/R) alone
remained asymptomatic. However, mice that were both Adamts13−/− and cfhW/R went
on to develop clinical TMA findings [64]. Clinically, complement activation has also been
reported to be associated with increased mortality from an acute TTP episode [60]. These
and other findings have led to a “second hit” hypothesis, suggesting that another stressor
in conjunction with severe deficiency of ADAMTS13 activity is usually required to develop
clinical TTP [65,66].
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Figure 1. Mode of action of ADAMTS13. (a) Under normal circumstances, multimeric von Willebrand
factor (VWF) circulates in the plasma in a globular conformation, in which its A1 domains are
concealed, and so does not interact with platelets. ADAMTS13 circulates in a “closed” conformation
stabilized through the interaction of the C-terminal CUB domains with the central Spacer domain.
The MP domain of ADAMTS13 also has a latent conformation in which the active site cleft is occluded
by the Ca2+-binding loop. This prevents ADAMTS13 from proteolyzing off-target substrates and
confers resistance to plasma inhibitors. (b) Following vessel damage, the endothelium (EC) is
disrupted to reveal subendothelial collagen. Globular VWF binds to this surface via its A3 domain
and unravels into an elongated conformation in response to the shear forces exerted by the flowing
blood. This reveals the A1 domain that can then capture platelets via the GPIbα receptor on the
platelet surface. Unravelling of VWF also unravels the VWF A2 domain into a linear polypeptide
conformation that reveals the binding sites for ADAMTS13 and the Tyr1605-Met1606 cleavage site,
making it susceptible to proteolysis by ADAMTS13. (c) ADAMTS13 recognizes unfolded VWF
through multiple interactions. (1) The CUB domains bind the VWF D4-CK domains, which (2)
induces their dissociation from the Spacer domain. (3) The Spacer and (4) cysteine (Cys)-rich domain
exosites recognize the C-terminal region of the unfolded A2 domain to bring the enzyme and
substrate into proximity. (d) Once bound, (5) the disintegrin-like (Dis) domain exosite engages VWF
residues Asp1614–Asp1622. This interaction (6) induces an allosteric change in the MP domain.
This causes a conformational change, disrupting the “gatekeepertriad” that otherwise occludes the
active site cleft, to reveal the S1′ pocket. Once allosterically activated, (7) the MP domain proteolyzes
the scissile bond. Petri et al. [54], pp. 1–16. The corresponding author, James Crawley agreed
to use of the Figure. No changes were made to the original figure. Creative Commons License:
http://creativecommons.org/liceses/by/4.0/.
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3.2. Congenital ADAMTS13 Deficiency

cTTP (also known as Upshaw–Schulman syndrome OMIM 274150) is an autosomal
recessive condition caused by biallelic mutations in the ADAMTS13 gene located on chro-
mosome 9q34 [14]. Approximately 200 causative mutations have been identified in more
than 150 patients, which span the entire ADAMTS13 gene [14,39–42,67,68]. The major-
ity of ADAMTS13 mutations are confined to single families [40,42]. Missense mutations
are most common (59%), followed by nonsense mutations (13%), deletions (13%), splice
site mutations (9%), and insertions (6%) [67]. There is some geographic variability and
certain mutations have increased frequency in different regions. Two mutations in par-
ticular, p.R1060W [39,41,42,68–72] and insertion c.4143_4144dupA [42,68,69,73] are more
prominent in cTTP patients with European ancestry. The p.R1060W mutation, a single
nucleotide variant located on exon 24, also occurred in a high proportion (75–80%) of cTTP
patients that presented during pregnancy in the French and UK cohorts [70,71]. Though
no definite genotype–phenotype relationships have been established [41,67], earlier onset
of disease appears to be related to earlier sequence mutations in the prespacer region of
ADAMTS13 [41,72,74]. Often, mutations in ADAMTS13 result in secretion deficiencies
but they can also affect ADAMTS13 activity [67,74–76]. Indeed, in an effort to explain
the variance of clinical phenotype, residual ADAMTS13 activity of different genotypes
was measured and the results showed that residual ADAMTS13 activity <3% was cor-
related with earlier age of disease onset, need for prophylactic plasma infusions, and
an annual event rate >1 [42,74]. However, this does not fully explain the phenotypic
differences in cTTP as studies have demonstrated that many patients homozygous for
the c.4143_4144dupA mutation had ADAMTS13 activity <1% but widely varying clinical
courses [42,69,73].

3.3. Acquired ADAMTS13 Deficiency
3.3.1. Risk Factors

iTTP is due to acquired anti-ADAMTS13 autoantibodies [11,12]. Certain factors,
such as African ancestry and female sex, predispose to the development of these anti-
bodies [29–33]. Human leukocyte antigen (HLA)-DRB1*11 and HLA-DQB*03:01 alleles
are also overrepresented in white iTTP patients, with HLA-DRB1*04 having a protective
effect [77–80]. The frequency of the HLA-DRB1*04 allele is dramatically decreased in iTTP
patients with African ancestry, indicating that a low natural frequency of this allele may
contribute to the greater risk in this population. However, there does not appear to be an
increased risk of mortality in these patients [33]. An analysis of Japanese patients identified
HLA-DRB1*08:03, HLA-DRB3/4/5*blank, HLA-DQA1*01:03, and HLA-DQB1*06:01 as
predisposing factors for iTTP, with HLA-DRB1*15:01 and HLA-DRB5*01:01 being iden-
tified as weakly protective [81]. In contrast to white iTTP patients, HLA-DRB1*11 and
HLA-DRB1*04 were not associated with iTTP in the Japanese [81].

3.3.2. Anti-ADAMTS13 Autoantibodies

Anti-ADAMTS13 autoantibodies are largely divided into two categories: inhibitory
and non-inhibitory. Inhibitory antibodies neutralize the proteolytic activity of ADAMTS13
and non-inhibitory antibodies bind to the protease, accelerating its clearance from
plasma [11,12,82–84]. It was previously widely held that inhibitory antibodies were the
main cause of ADAMTS13 deficiency, but recent studies have demonstrated that antigen
depletion also significantly contributes to deficiency [85]. Even a small amount of anti-
ADAMTS13 autoantibodies can induce ADAMTS13 deficiency [86]. Anti-ADAMTS13
autoantibodies have been found against all domains of ADAMTS13, indicating a poly-
clonal immune response. However, the spacer domain of ADAMTS13 has been iden-
tified as an immunogenic region, as anti-spacer antibodies are present in most iTTP
patients [85–92]. Recently, anti-ADAMTS13 autoantibodies that induce the open con-
formation of ADAMTS13 have been identified [18,93]. The role these conformation-
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changing antibodies play in the pathophysiology of TTP and their clinical significance is still
being explored.

The most common isotype class of anti-ADAMT13 autoantibodies are IgG, followed
by IgA and IgM (20% of cases). Among the IgG isotype, the IgG4 subclass is most common,
followed by IgG1 [83,91,94–98]. During acute episodes of iTTP, approximately 75% of cases
have detectable free anti-ADAMTS13 IgG [29]. The anti-ADAMTS13 autoantibody isotype
may contribute to the severity of the disease phenotype. High IgA antibody titers were
suggested to be associated with lower platelet counts, increased mortality, and a worse
prognosis [94–96]. Though no bacterial or viral infections are known to directly lead to
iTTP, molecular mimicry between ADAMTS13 and certain pathogens such as influenza
A [99], Helicobacter pylori [100], Legionella [101], hepatitis C virus [102], and HIV [103] may
evoke an immune response [91,104].

3.3.3. Immune Complexes

In addition to free anti-ADAMTS13 autoantibodies, immune complexes containing
ADAMTS13 have also been found in 39–93% of patients during acute iTTP [105–107]. Given
that C3a and C5a are elevated during the acute iTTP episode, this could suggest that the
complement is activated through the classic pathway, via ADAMTS13 antigen-antibody
immune complexes; the elevated levels of factor Bb, however, suggest activation of the
alternative pathway [60,63,104,105,108]. The clinical significance of complement activation
in TTP is still unclear, though it further supports the “second hit” hypothesis that another
physiologic stressor in conjunction with severe ADAMTS13 deficiency is required to induce
the clinical syndrome [65,66].

3.3.4. Primary and Secondary iTTP

iTTP is classified as primary when no obvious underlying associated disease can be
determined and as secondary when a defined underlying disorder is identified [27]. The
majority of iTTP cases are primary. Secondary iTTP can be associated with infections as
mentioned previously, though the best evidence is its association with HIV [103,109,110].
Acute stressors, such as pancreatitis, may induce secondary iTTP [111]. Many drugs have
also been implicated in secondary TMA but are only rarely accompanied by ADAMTS13
deficiency, indicating that they mostly represent a separate drug-induced TMA (DI-TMA)
and not TTP [112]. One exception is ticlopidine, which has been associated with severely
deficient ADAMTS13 and this condition may be considered as secondary iTTP [113].
Notably, not all thienopyridine-derivatives (ticlopidine, clopidogrel, and prasugrel) are
associated with TTP. Of 97 cases of TMA associated with ticlopidine, 80% had severely
deficient ADAMT13 activity confirming the diagnosis of TTP. A clear causal relationship,
however, has not been confirmed between the use of ticlopidine and the development of
anti-ADAMTS13 antibodies. In 197 patients with clopidogrel associated TMA, 0% had
severely deficient ADAMTS13 [114], which is consistent with DI-TMA, not TTP. Secondary
iTTP can also be associated with various autoimmune conditions, though it is most com-
monly associated with systemic lupus erythematosus (SLE) [23,24,115–117]. In either
primary or secondary iTTP, prompt therapy is essential. Secondary iTTP typically also
requires treatment of the underlying condition in addition to standard TTP therapies.

4. Diagnosis

4.1. Clinical Presentation

Previously, TTP was defined by a clinical “pentad” consisting of fever, microan-
giopathic hemolytic anemia, thrombocytopenia, neurological deficits, and renal insuf-
ficiency [4]. However, the pentad was reported at a time before the effectiveness of
plasma-based therapy in treating TTP was firmly established. Today, the presence of throm-
bocytopenia and MAHA alone, without an alternative explanation, should prompt serious
consideration of the diagnosis of TTP or another TMA. Large cohort studies from various
registries worldwide indicate that less than 10% of patients with acute TTP present with all
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five symptoms [29–31,35–37]. In fact, the clinical features of acute TTP can be extraordi-
narily diverse and a high degree of suspicion is required to diagnose TTP and promptly
initiate appropriate management [118]. The differential diagnosis for patients with possible
TTP is broad and described in Table 1. In obstetric patients with TMA, hemolysis, elevated
liver enzyme, and low platelet (HELLP) syndrome and preeclampsia should be ruled
out prior to evaluating for other conditions such as iTTP, cTTP, or complement-mediated
hemolytic-uremic syndrome (CM-HUS) [27,112,119].

Table 1. Differential diagnosis for patients presenting with MAHA-T [27,112].

Disease Comment

TTP Defined by ADAMTS13 activity <10%

IA-HUS TMA presenting 5–7 days after infection, often hemorrhagic
colitis caused by enteropathogenic Escherichia coli, or Shigella.

CM-HUS Triggered by infections, vaccination, pregnancy, or surgeries.
Diagnosis may be confirmed by complement mutations

DI-TMA
May occur with gemcitabine, bleomycin, mitomycin, quinine,
cyclosporine, simvastatin, and others. VEGF inhibitors have
also been implicated.

TA-TMA

May occur with hematopoietic stem cell transplantation or solid
organ transplantation. Often associated with
immunosuppressive therapy (tacrolimus or cyclosporine A),
GVHD, or underlying opportunistic infections

Malignant HTN TMA
TMA precipitated by chronic, severe uncontrolled HTN. Acute
but not chronic end-organ injury may improve with control of
blood pressure

DIC
Coagulopathy with TMA caused by underlying condition, most
often sepsis, malignancy, trauma, obstetric complications, or
hematologic disorder

APLS TMA in context of underlying autoimmune disease and
meeting positive diagnostic criteria for APLS

Pregnancy-associated TMA
(HELLP syndrome,
preeclampsia)

TMA associated with obstetrical complications. Presence of
significant proteinuria and de novo HTN are concerning for
preeclampsia. Treatments can include control of BP
and delivery

APLS, antiphospholipid syndrome; BP, blood pressure; CM-HUS, complement-mediated hemolytic-uremic
syndrome; DIC, disseminated intravascular coagulation; DI-TMA, drug-induced thrombotic microangiopathy;
GVHD, graft versus host disease; HELLP, hemolysis, elevated liver enzyme, and low platelet syndrome; HTN,
hypertension; IA-HUS, infection-associated hemolytic-uremic syndrome; MAHA-T, microangiopathic hemolytic
anemia with thrombocytopenia; TA-TMA, transplant-associated thrombotic microangiopathy; TMA, thrombotic
microangiopathy; TTP, thrombotic thrombocytopenic purpura; VEGF, vascular endothelial growth factor.

Acute TTP almost uniformly presents with severe thrombocytopenia (typically
<30 × 109/L) and microangiopathic hemolytic anemia, often with evidence of erythrocyte
fragmentation on the peripheral blood smear [119]. Frequently, other classical parame-
ters of hemolysis are also present, including an undetectable haptoglobin concentration
accompanied by an elevated reticulocyte count, elevated total bilirubin (predominantly
unconjugated), and an elevated lactate dehydrogenase (LDH) level, a marker for both
red cell destruction and organ ischemia [120]. Coombs’ testing is usually negative and
coagulation parameters are not severely deranged in TTP.

Signs and symptoms of organ ischemia due to microthrombi formation are variable
at presentation. More than 60% of patients have neurological manifestations which range
broadly from mild confusion or altered sensorium to stroke, seizures, or
coma [25,29,30,36,37]. Gastrointestinal ischemia is present in 35% of patients and can
result in abdominal pain, nausea, and diarrhea [29]. Evidence of myocardial ischemia
is present in a quarter of acute TTP patients and can be characterized by an abnormal
electrocardiogram, or more commonly, elevated cardiac troponin-I measurements. Cardiac
symptoms consistent with congestive heart failure or myocardial infarction can also be
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seen [121]. Renal injury is not uncommon in TTP, though acute renal failure requiring
renal replacement therapy is quite rare in iTTP. Hematuria and proteinuria are the most
commonly seen renal manifestations. Though modest renal insufficiency may occur, most
patients present with a creatinine below 2 mg/dL [122–125]. Severely deficient ADAMTS13
activity serves to confirm the diagnosis of TTP [11,12,27].

4.2. ADAMTS13 Investigation
4.2.1. ADAMTS13 Activity

Assaying the ADAMTS13 activity is the first test which should be undertaken in pa-
tients with a suspected TMA. Severe ADAMTS13 deficiency, which is defined by an activity
level <10%, is required to confirm the diagnosis of TTP (Figure 2) [119]. ADAMTS13 activity
assays are based on degradation of either full-length VWF or synthetic peptides of VWF by
ADAMTS13 in the plasma sample being tested. VWF cleavage products are detected by
fluorescence resonance energy transfer (FRETS), enzyme-linked immunosorbent assays
(ELISAs), surface-enhanced laser desorption/ionization time-of-flight (SELDI-TOF)-mass
spectrometry, electrophoresis, reduced collagen binding, or reduced ristocetin-induced
platelet agglutination [11,12,126–133]. Though multiple assays have been developed, the
FRETS-VWF73-based assay [128,134] is most commonly used in clinical settings [135]
and is considered as the reference method for ADAMTS13 activity, typically calibrated
against the World Health Organization International Standard ADAMTS13 plasma (normal
100%) [136]. However, ADAMTS13 activity testing is labor intensive, time consuming,
and limited to reference laboratories typically. Though the FRETS assay can be completed
quickly, the turnaround time for results can be three to six days as it is typically performed
only in reference centers. Given the variability in ADAMTS13 testing turnaround time
for any individual center, point-based scoring systems which predict the probability of
severely deficient ADAMTS13 have been developed to avoid delays in prompt treatment
initiation [122,137,138]. Importantly, these scores are not meant to replace ADAMTS13
testing but to aid decision making until test results are available. Recently, fully automated
chemiluminescence immunoassays have been developed with drastically reduced analyti-
cal times of approximately 30 min [139,140]. In addition, a semiquantitative ADAMTS13
activity assay has also been developed which provides an easily interpreted four-level
indicator of ADAMTS13 activity, allowing identification of activity levels < 10% [141]. A
potential advantage of such an assay is rapid screening for severely deficient ADAMTS13
activity which can be utilized at non-specialized centers to facilitate referral to tertiary
centers for additional testing and management.

4.2.2. Anti-ADAMTS13 Autoantibodies

When severely deficient ADAMTS13 activity is confirmed, the next step of investiga-
tion is to determine if an antibody inhibitor to ADAMTS13 is present [11,12]. Understand-
ing the mechanism of ADAMTS13 deficiency is critical in differentiating iTTP from cTTP
and has important treatment implications. This distinction is also especially important in
children and obstetrical patients, owing to higher rates of cTTP in these cohorts [29,34,71].
ADAMTS13 autoantibodies, predominantly anti-ADAMTS13 IgG, can be readily detected
using in-house or commercial ELISA kits by laboratories [83,94]. A Bethesda assay can
only detect ADAMTS13 autoantibodies which functionally inhibit ADAMTS13 (inhibitory
antibodies), unlike the anti-ADAMTS13 IgG ELISA which can detect both inhibitory and
non-inhibitory antibodies [25,142]. For both inhibitory and non-inhibitory anti-ADAMTS13
autoantibodies, assays only detect free autoantibodies whereas those bound to ADAMTS13
(immune complexes) are not detected by standard assays. In patients who have persistent
severe ADAMTS13 deficiency during periods of remission and in whom no inhibitory au-
toantibody is detected, ADAMTS13 gene analysis should be pursued to confirm a diagnosis
of cTTP [38].

52



J. Clin. Med. 2021, 10, 536

Figure 2. Flowchart for ADAMTS13 investigation in TTP. Severely deficient ADAMTS13 activity of <10% is required
to establish a diagnosis of TTP. Further investigation of anti-ADAMTS13 IgG inhibitory autoantibodies are required to
document the mechanism of ADAMTS13 deficiency. ADAMTS13 gene analysis for biallelic mutations is reserved for selected
situations to confirm a diagnosis of cTTP. In some cases, the underlying mechanism of ADAMTS13 activity deficiency is
not immediately clear and repeated measurements of ADAMTS13 activity in remission and anti-ADAMTS13 IgG during
relapse events can help establish a diagnosis.

4.2.3. ADAMTS13 Antigen

ADAMTS13 antigen can be measured by ELISA but this is not yet part of routine
clinical practice. A recent study evaluated the prognostic value of anti-ADAMTS13 autoan-
tibody titers and antigen levels in patients with iTTP [143]. Patients in the lowest quartile,
with an antigen level <1.5%, had a mortality rate of 18% compared with a mortality rate
of ~4% for those in the highest quartile, with an antigen level >11%. Those in the lowest
antigen quartile and the highest antibody quartile had the highest mortality rate of 27%.
This suggests that there could be some prognostic value for this test and that it has the
potential to be incorporated in clinical practice in the future.

4.3. Emerging Biomarkers

It has previously been demonstrated that ADAMTS13 circulates in the “open” confor-
mation in iTTP patients during the acute phase [93]. Recently, anti-ADAMT13 autoantibod-
ies were revealed to induce the open ADAMTS13 conformation. Additionally, the open
ADAMTS13 conformation preceded significant decrement in ADAMTS13 activity in one
patient followed longitudinally [18]. While these findings warrant further study, there are
many potentially important implications with regard to treatment and long term follow-
up. As discussed previously, though it is a major risk factor, not all patients who have
undetectable ADAMTS13 activity in remission uniformly go on to relapse [55,56,58,144].
However, being able to identify the open versus closed conformation of ADAMTS13 may
potentially be useful to decide on the necessity of prophylactic therapy in select iTTP
patients during remission.
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5. Acute Management

TTP is a clinical emergency and in patients with suspected TTP treatment should be
initiated promptly as delays in therapy may result in significant morbidity and mortality.
Often therapy decisions are required prior to the availability of confirmatory ADAMTS13
testing. A blood sample for ADAMTS13 activity testing should immediately be obtained
from a patient with TMA and frontline therapy can then commence based on clinical
presentation alone. Severe ADAMTS13 deficiency is still required to confirm the diagnosis
but should not delay the initiation of treatment [145]. Below are definitions of treat-
ment response from the International Working Group for Thrombotic Thrombocytopenic
Purpura [27]:

• Clinical response—a normalization of the platelet count to a level greater than the
lower limit of the established reference range (150 × 109/L) and the LDH level to
<1.5 × the upper limit of normal (ULN). If initial presentation is severe with evidence
of significant end-organ damage, stabilization of these parameters with improvement
in function should also be required to qualify for a clinical response.

• Clinical remission—a sustained clinical response which is maintained for >30 days
after the cessation of plasma exchange.

• Exacerbation—a decreasing platelet count with rising LDH and the need to restart
plasma exchange therapy within 30 days of cessation after an initial clinical response
is noted.

• Relapse—a fall in platelet count below the lower limit of the established reference
range (~150 × 109/L), with or without clinical symptoms, during a clinical remission
that requires reinitiating therapy. ADAMTS13 activity will most likely be <10%.

• Refractory TTP—persistent thrombocytopenia (platelet count <50 × 109/L, without
increment) and persistently elevated LDH (>1.5 × ULN) despite five plasma exchange
treatments in conjunction with adequate steroid treatment. If platelet count remains
<30 × 109/L, this is classified as severe refractory TTP.

5.1. iTTP

Patients with both primary and secondary iTTP should be treated similarly in the
acute inpatient setting. Importantly, patients with secondary iTTP should also have the
underlying etiology managed appropriately in addition to the acute iTTP event. For
example, in a patient with secondary iTTP due to underlying HIV infection, appropriate
antiretroviral therapy would also be warranted in addition to management of TTP.

5.1.1. Plasma Exchange

Therapeutic plasma exchange (TPE) with fresh frozen plasma (FFP) replacement is
the foundation of front-line therapy for TTP [8]. The proposed mechanism of TPE is that it
supplies adequate levels of ADAMTS13 while removing circulating anti-ADAMTS13 au-
toantibodies. Delays in therapy can lead to early mortality, which may be preventable with
prompt initiation of TPE [146]. Typically 1–1.5× plasma volume exchange is performed for
the first three days, followed by 1× plasma volume exchange each day thereafter [8]. While
there is no optimal duration of therapy or pre-specified number of procedures required,
therapy should be continued daily until clinical response is achieved and sustained for two
days. In patients with refractory TTP or evidence of progressive end organ damage, more
intensive therapy, such as twice daily TPE, may be considered [147]. The efficacy of this
approach is difficult to determine as it is usually accompanied by the addition or intensifica-
tion of concurrent therapies. Generally, there are no significant differences between readily
available therapeutic plasma replacement products [148,149]. Previously, cryosupernatant
plasma devoid of ULVWF multimers was suggested to be more efficacious than fresh
frozen plasma [150], but equivalency of these plasma products was demonstrated in a
small randomized controlled trial [151].
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5.1.2. Immune Suppression

In conjunction with TPE, immunosuppressive therapy is a cornerstone of acute iTTP
management. The general principle of therapy is to target antibody production to allow
for recovery of circulating levels of ADAMTS13. Therapy is typically started concurrently
with TPE.

Glucocorticoids: steroids are widely used in conjunction with TPE at the initiation
of therapy for acute iTTP. Though there are no randomized clinical trials comparing TPE
with steroids vs. TPE alone, there is high biological plausibility for concurrent immunosup-
pression given the autoimmune nature of the condition. A small prospective randomized
controlled trial comparing prednisone with cyclosporine A as an adjunct to TPE demon-
strated that prednisone was superior in the initial treatment of iTTP [152]. This is also the
only prospective randomized trial confirming the efficacy of steroids in the acute setting
in decreasing anti-ADAMTS13 IgG and thereby increasing ADAMTS13 activity. No op-
timal dose or route of administration has been identified. High dose pulse steroids with
methylprednisolone 10 mg/kg/day for three days followed by 2.5 mg/kg/day thereafter
may be more efficacious than 1 mg/kg/day dosing [153]. Most standards of practice
recommend oral prednisone 1 mg/kg/day or equivalent [149], gradually tapered over
3–4 weeks after clinical response is achieved. In patients with severe presentations or
neurological symptoms, intravenous methylprednisolone 1 g/day for three days can
be considered.

Rituximab: rituximab is a monoclonal antibody against CD20, specifically targeting
B-cells. Rituximab is given most commonly during the acute phase of iTTP, typically during
the first days of hospitalization or shortly thereafter. A non-randomized prospective phase
2 trial has shown its safety and efficacy in the front-line setting [154]. Additionally, this
trial and many observational cohort studies suggest that rituximab given in the acute
phase results in fewer relapses [20,154–157]. While a lower relapse rate did not reach
statistical significance in all studies [158,159], a recent meta-analysis shows that rituximab
administered during an acute iTTP episode not only lowers the relapse rate vs. control,
but also reduces mortality [160]. Rituximab also appears to be effective in patients with
refractory TTP or poor response to TPE [20,157,158]. The standard dosing for rituximab
is 375 mg/m2 given weekly for a total of four doses, which is recommended for both
initial iTTP episodes and the acute phase of relapsing episodes. Emerging evidence for the
efficacy of low dose rituximab (100 mg–200 mg/per dose) comes from a small prospective
trial [161] and retrospective studies [162] but it has not yet been widely incorporated into
standard practice.

Alternative immunosuppressive therapies: in patients with contraindications to
steroids or with refractory disease, cyclosporine A can be effective [19,163]. Mycophenolate
mofetil has also been used with success in some case reports [164,165]. Prior to the use of
rituximab, vincristine was used for refractory disease, but this is no longer preferred [166].
Bortezomib, a proteasome inhibitor targeting plasma cells, has been used successfully as
an alternative agent to rituximab [167,168]. Cyclophosphamide and/or splenectomy are
also options for refractory or chronically relapsing cases [169].

5.1.3. Anti-VWF Strategy

Caplacizumab: caplacizumab, a humanized immunoglobulin originally from llamas,
targeting the A1 domain of VWF and thereby preventing its interaction with platelets is the
first medication approved specifically to treat TTP. In the recent phase 2 TITAN [21] and
phase 3 HERCULES [22] trials, caplacizumab along with TPE and immunosuppression
significantly reduced time to platelet count normalization and the exacerbation rate when
compared with placebo. The initial dose is 10 mg given intravenously prior to the first TPE,
followed by 10 mg daily and subcutaneously thereafter. Caplacizumab is well tolerated
and has a good safety profile with the most common side effect being minor bleeding,
which is often easily managed [170]. By blocking microvascular thrombi formation it is
hypothesized that tissue ischemia can be decreased. Caplacizumab effectively blocks the
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end-organ damage caused by TTP; however, concomitant immunosuppression is required
as the underlying deficient ADAMTS13 function is not addressed by this therapy. It
is unsurprising then that exacerbations and early relapses can occur when the drug is
discontinued while ADAMTS13 activity remains severely deficient. As a result, treatment
is typically continued until the recovery of ADAMTS13 activity. As a novel agent, one
limitation of incorporating caplacizumab into current standard practice is its high cost. At
its current price level (in the United States) as of 2020, a recent analysis suggested that
the addition of caplacizumab to the front line treatment for all patients with iTTP would
not be cost-effective [171]. As caplacizumab is increasingly utilized, treatment response
definitions may need to be revisited in the future as platelet count alone may not be an
accurate measure of disease activity.

N-acetylcysteine: N-acetylcysteine (NAC) is a mucolytic approved by the Food and
Drug Administration which is predominantly used to treat lung diseases. Its efficacy in TTP
has been examined given that VWF multimers polymerize in a similar manner to mucins.
NAC was found to degrade ULVWF multimer strings and inhibited VWF-dependent
platelet aggregation and collagen binding in vitro [172,173]. NAC has been effective in
some cases of severe and refractory iTTP but only a few case reports exist to date [174,175].
Animal models examining NAC have produced mixed results. NAC was able to prevent
iTTP in mice but NAC administration was not successful in resolving TTP in either mice or
baboons [176].

Emerging anti-VWF therapies: in 2012, ARC1779, a nucleic acid macromolecule, or
aptamer, that blocks platelet binding by the A1 domain of VWF, was evaluated in TTP
patients in a small trial [177]. Nine patients were recruited to the study, seven of whom
received ARC1779. The study was halted for financial reasons before sufficient patients
could be enrolled to ascertain the efficacy but there were no bleeding complications, de-
spite ARC1779 suppression of VWF function in patients with severe thrombocytopenia.
Development of ARC1779 has not been continued, but the safety profile from this trial
encouraged the development of second generation anti-VWF aptamers. A novel DNA
aptamer, TAGX-0004, showed a stronger ability to inhibit ristocetin- or botrocetin-induced
platelet agglutination/aggregation than ARC1779 and a similar inhibitory effect to capla-
cizumab [178]. Another synthetic aptamer, BT200, has shown inhibition of human VWF
in vitro and prevented arterial thrombosis in non-human primates [179]. Further studies
incorporating this approach are in development.

5.2. cTTP

Acute episodes in patients with known cTTP can be successfully treated with plasma
infusions (FFP, 10–15 mL/kg/day). Treatment is continued until clinical response is
achieved [38,41,42]. In patients with a recurring cTTP phenotype, prophylactic plasma
infusions may be required. Prophylactic plasma infusions have also been shown to im-
prove chronic symptoms not related to an acute episode [39,41]. In patients who re-
ceive chronic plasma infusions, the ADAMTS13 activity half-life has been reported to be
2.5–5.4 days [180–182]. Consequently, ADAMTS13 activity is expected to return to baseline
activity after approximately 5–10 days. Treatments are usually given every 2–3 weeks,
depending on clinical symptoms, platelet counts, and patient preferences [38,41,42,181,182].

5.3. Emerging Therapies

Upfront therapy of TTP has seen innovative strategies in the last five years. Recombi-
nant ADAMTS13 (BAX 930, rADAMTS13) has shown promise in a recent phase 1/2 study
in cTTP patients [183]. A phase 3 clinical trial to assess the efficacy of rADAMTS13 for
prophylactic and on-demand treatment of cTTP compared to plasma infusion therapy is
ongoing (https://www.clinicaltrials.gov/ct2/show/study/NCT03393975). There is also
evidence that rADAMTS13 may be effective in patients with iTTP, a hypothesis that is
presently being prospectively studied as well (https://www.clinicaltrials.gov/ct2/show/
NCT03922308) [184].
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With ever growing treatment options for the acute phase of TTP, the classic treatment
paradigm is constantly being re-examined. Though TPE is the cornerstone of acute therapy,
there are not insignificant risks associated with the procedures required and replacement
plasma products [23]. There are an increasing number of case reports detailing treatment
of acute iTTP with caplacizumab and immunosuppression, without TPE, in the context of
religious beliefs prohibiting blood products [185], shared decision making [186,187], and
anaphylaxis to plasma [188]. As novel treatments become readily available, acute TTP
management may soon enter an era without obligatory reliance on plasma exchange.

6. Special Populations

6.1. Pregnancy

TTP in the pregnant patient presents many difficulties and challenges. These patients
should be managed by a multidisciplinary team typically including hematologists, high-
risk obstetricians, and, occasionally, neonatologists. Prompt recognition and differentiation
from preeclampsia or HELLP syndrome followed by appropriate treatment is critical, as
maternal/fetal morbidity and mortality are high if unrecognized [70]. Pregnancy can trigger
acute episodes in cTTP patients who have previously been asymptomatic. Approximately
25–30% of all obstetrical TTP cases were due to cTTP in some cohorts [29,34,71]. Thus,
a high suspicion for cTTP is warranted in pregnant patients and appropriate diagnostic
workup should be pursued if there is no evidence of an inhibitor or anti-ADAMTS13
autoantibodies. Acute management of cTTP in pregnancy includes plasma infusions but
more severe cases may require TPE [38].

In pregnant patients with iTTP, the acute phase should be managed with TPE with the
addition of corticosteroids if tolerated [70]. Though corticosteroids may confer some risks
if given during the first trimester, these are largely outweighed by the potential benefits
in this clinical context. Further immunosuppression with rituximab has not been studied
in pregnant iTTP patients and its use is not standard. Routine use of caplacizumab is not
recommended given the theoretical risk of fetal hemorrhage.

In remission after an episode during pregnancy, cTTP patients may require prophylac-
tic therapy prior to and during their next pregnancy. The recently published International
Society of Thrombosis and Haemostasis (ISTH) guidelines for management of TTP state
that pregnant cTTP patients should receive prophylactic plasma infusions to prevent
relapse [189].

In remission after any acute episode, iTTP patients who are pregnant or could become
pregnant should have ADAMTS13 monitored periodically. Severely deficient ADAMTS13
activity in pregnancy appears to uniformly predict relapse of iTTP [190]. Though there
is currently a lack of strong evidence, prophylactic therapy for pregnant patients with a
history of iTTP and severely deficient ADAMTS13 activity in remission is suggested due to
the risk of mortality to both mother and fetus associated with relapse [191]. No standard
prophylactic regimen has yet been determined for this indication.

6.2. Jehovah’s Witnesses/Contraindication to Blood Products

Certain groups, including Jehovah’s Witnesses, may not accept exogenous blood prod-
ucts on the basis of religious or other beliefs. As TPE is the foundation of management of
acute episodes, this presents a unique challenge in the management of these patients. Vari-
ous regimens have previously been tried, including vincristine [192] and plasma exchange
with albumin [193] or cryosupernatant [194] replacement. With the use of caplacizumab
alongside improved immunosuppressive therapy, successful treatment without TPE has
been described not only in this patient population [185] but also in other selected patients,
including one with anaphylaxis to plasma [186–188].
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7. Long-Term Follow-Up and Remission Management

TTP was previously thought to only be an acute illness but long-term follow-up of
TTP survivors reveals many potential chronic complications and morbidity in addition to
the risk of relapse [23,24,195–197]. Severely deficient ADAMTS13 activity (<10–20%) in
remission suggests an increased risk of relapse and maintaining activity above this level
appears adequate to prevent relapse [55,56,198]. Therefore, serial ADAMTS13 activity
should be monitored in patients after remission. This is routinely accompanied by a
chemistry panel, complete blood count, and measurement of LDH level. After resolution of
an acute episode, ADAMTS13 activity can be measured monthly for 3 months, then every
3 months for 1 year, then every 6–12 months if stable. If ADAMTS13 activity consistently
decreases, then more frequent monitoring may be appropriate [191]. However, ADAMTS13
activity is not a perfect predictive biomarker and not all patients with severely deficient
activity go on to relapse [58]. Further studies highlighting the role of complement activation
in the presence of ULVWF multimers suggest that the addition of other biomarkers may
more accurately predict relapse in asymptomatic patients [63]. Emerging biomarkers
such as the “open” vs. “closed” conformation of ADAMTS13 may also help to better
predict which patients with severely deficient activity will ultimately progress to another
episode [18,93].

In asymptomatic patients with ADAMTS13 activity persistently <10%, preemptive
therapy with rituximab can effectively prevent relapse [144,160,198]. Cyclosporine has
also been used for prophylaxis [199] and can be an option for patients who do not re-
spond to rituximab. For the chronically relapsing patient, splenectomy is a viable option.
Though falling out of favor with the development of improved immunomodulatory ther-
apy, splenectomy has both a high and a durable response rate in some case series with a
10-year relapse-free survival of 70% [200]. Splenectomy is usually efficacious, with a nonre-
sponse rate as low as 8% in some reports [201]. It has also been shown to induce durable
remissions and reduce relapse rate in some of these challenging patients [200,202]. Though
previously splenectomy had increased risk for adverse events, especially when used in
refractory TTP [203], improvements in surgical technique have decreased complications
considerably, especially when laparoscopic technique is utilized [201].

Long-term complications are prevalent in both iTTP and cTTP patients. Many adverse
health sequelae are seen in TTP survivors, including higher rates of obesity, stroke, hyperten-
sion, mood disorders, cognitive impairment, and reduced quality of life [42,195,196,204–206].
TTP survivors also appear to have a higher all-cause mortality than reference popula-
tions [24,197]. Low-normal levels of ADAMTS13 activity have recently been implicated as
a risk factor for coronary artery disease [207,208], stroke [209], and all-cause/cardiovascular
mortality [210] in the general population. While the mechanism for the development of
these complications is not known, reduced ADAMTS13 activity may contribute to car-
diovascular risk. Further studies investigating this relationship as well as other potential
mechanisms leading to the development of these chronic complications are warranted.

8. Conclusions/Summary

TTP is a life-threatening illness which requires prompt recognition and management
given its high mortality if left untreated. Acute management and long-term follow-up
are evolving as new therapies and potential biomarkers emerge. Given the rarity of this
disease, TTP registries and multicenter cohort studies are critical to continue advancing
the field.
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Abstract: Pseudothrombocytopenia (PTCP), a relative common finding in clinical laboratories, can
lead to diagnostic errors, overtreatment, and further (even invasive) unnecessary testing. Clinical
consequences with potential life-threatening events (e.g., unnecessary platelet transfusion, inap-
propriate treatment including splenectomy or corticosteroids) are still observed when PTCP is not
readily detected. The phenomenon is even more complex when occurring with different anticoag-
ulants. In this review we present a case of multi-anticoagulant PTCP, where we studied different
parameters including temperature, amikacin supplementation, measurement methods, and type
of anticoagulant. Prevalence, clinical risk factors, pre-analytical and analytical factors, along with
clinical implications, will be discussed. The detection of an anticoagulant-dependent PTCP does not
necessarily imply the presence of specific disorders. Conversely, the incidence of PTCP seems higher
in patients receiving low molecular weight heparin, during hospitalization, or in men aged 50 years
or older. New analytical technologies, such as fluorescence or optical platelet counting, will be soon
overturning traditional algorithms and represent valuable diagnostic aids. A practical laboratory
approach, based on current knowledge of PTCP, is finally proposed for overcoming spuriously low
platelet counts.

Keywords: pseudothrombocytopenia; platelets; hematimetry; fluorescence; amikacin; anticoagulants;
COVID-19

1. Introduction

Reported for the first time in 1969 [1], pseudothrombocytopenia (PTCP) has been
increasingly described in patients suffering from various disorders and more recently even
in patients with coronavirus disease 2019 (COVID-19) [2,3].

This well-known in vitro phenomenon but still underrecognized may lead to misdiag-
nosis of thrombocytopenia, overtreatment, and further, even invasive, unnecessary testing.
This phenomenon can typically be identified by reviewing the peripheral blood smear
(PBS), using a different anticoagulant than dipotassium ethylenediaminetetraacetic acid
(EDTA) for blood collection, or maintaining the sample at around 37 ◦C before testing [4].
The prevalence of this phenomenon in EDTA is estimated to be 0.03–0.27% of the general
population [5–7], though multiple anticoagulant PTCPs with citrate, heparin, or sodium
fluoride have also been described [8]. Some parameters can positively influence platelet
counting in presence of PTCP. These include the following:

(i) In vitro amikacin supplementation can prevent and dissociate platelet clumps due to
EDTA, citrate [4], or heparin-PTCP [9] although controversially discussed [10];

(ii) Maintaining blood samples to 37 ◦C could lead to a more accurate platelet count (PC)
or prevent EDTA-dependent PTCP [11,12];

(iii) A rapid analysis of EDTA blood specimen is advocated, due to time-dependent fall in
PC from 1 min after blood collection to 4 h afterwards [4,12,13];
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(iv) Fluorescence platelet counting can be effective in correcting spurious low PC [14];
(v) Capillary blood is prone to platelet clumping [15], but it has been described as less

rich in aggregates [16];
(vi) Alternative anticoagulants such as magnesium sulfate [5,8,17] and acid citrate dex-

trose (ACD) [18] are interesting tools to overcome platelets clumps. Hirudin has been
studied in few reports only [8,19,20].

Despite the many case studies and the different approaches described, there are few
specific expert recommendations on detection and management of PTCP. In this review
we discuss the cause, occurrence, and clinical implication of this condition, specifically
anticoagulant-dependent PTCP. We start this review by presenting a case study of multi-
anticoagulant PTCP, in whom we established a study protocol to assess the PC. A laboratory
management algorithm, based on current knowledge, is finally proposed.

2. Case Study

A 47-year-old woman was referred to the local laboratory of Namur Thrombosis and
Hemostasis Center (Yvoir, Belgium), for performing a preoperative hemostasis assessment
before radical cancer hysterectomy. She did not have any bleeding problems during
the delivery of her two children, though her medical history revealed two severe post-
operative hemorrhages and menorrhagia. The patient had autoimmune background, as
evidenced by high antinuclear antibodies titer (>1:1280) and platelet-bound GPIIbIIIa
antibodies. In another laboratory, PTCP with numerous platelet clumps on blood smear
had previously been observed using three different anticoagulants: K2-EDTA, sodium
citrate, and citrate-theophylline-adenosine-dipyridamole (CTAD).

According to this information and patient’s multi-anticoagulant PTCP, we established
a study protocol to find the most convenient way to assess PC (Figure 1).

 

Figure 1. Study protocol. Empty boxes just repeat the same elements as adjacent boxes. The time is expressed in
seconds or minutes after blood collection. Abbreviations: PTCP, Pseudothrombocytopenia; RT, room temperature; EDTA,
ethylenediaminetetraacetic acid.

After a 30 min rest, a capillary blood drop from the pulp of index was obtained by
a lancing device (Accu-Chek, Roche, Switzerland), which was then used to immediately
prepare a blood smear and perform PC. Due to the small volume of sample, the manufac-
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turer’s diluent (DCL-pack, Sysmex Corporation, Kobe, Japan) was used to obtain a blood
to diluent ratio of 1:7 for platelet counting in fluorescent (PLT-F), impedance (PLT-I), and
optical (PLT-O) channels of a Sysmex XN-1000 blood count analyzer (Sysmex Corporation,
Kobe, Japan). Thereafter, a venepuncture in the median cubital vein with 21 gauge nee-
dle (Greiner Bio-One, Courtaboeuf, France) was carried out according to recommended
venous blood collection practices [21]. Five vacuum blood tubes containing K2-EDTA,
five containing 109 mmol/L buffered sodium citrate with blood to anticoagulant ratio
of 9:1 (Vacuette®, Greiner Bio-One, Courtaboeuf, France), and five containing hirudin
525 ATU/mL (Monovette®, Sarstedt, Nümbrecht, Germany) were collected. Each set of
anticoagulant tubes was used to study the effect of temperature and in vitro amikacin sup-
plementation (5 mg/mL) [22] on PC at 0.5, 60, 120, 180, and 240 min after blood collection.
No significant clinical changes were considered when PC remained over time within the ref-
erence change value (RCV) calculated for each channel (14% for PLT-F and PLT-O, 25% for
PLT-I) according to the following formula: RCV = 21/2 * Z * (CVA

2 + CVI
2)1/2 [23] assum-

ing Z-score of 1.96 used (95% probability) and CVI of 5.6% obtained from the European Fed-
eration of Clinical Chemistry and Laboratory Medicine biological variation database [24].
The analysis of blood smear was performed, with special focus on peripheral film (as recom-
mended) [25], and platelet clump was defined as a minimum of five attached platelets [4].

Amikacin-free specimens were diluted with manufacturer’s diluent, for achieving
the same dilution as in tubes containing amikacin; the dilution effect of sodium citrate,
amikacin, or diluent were calculated. A patient control sample without amikacin or
diluent was maintained at room temperature (RT) for each set. PC and platelet surface
glycoproteins expression levels by flow cytometry (FCM), platelet function, fibrinolysis,
fibrin formation, mixing studies, and serum anti-platelet antibodies were also assessed.

Platelet clumping was observed irrespective of the types of tube used and until the last
measurement at 240 min (Figure 2). PCs according to different anticoagulants, conditions,
and measuring channels on XN-1000 hematology analyzer are shown in Figure 3.

 

Figure 2. Platelet clumps observed on blood smears from samples obtained at baseline according to different anticoagulants
tubes and conditions. Clumps were observed until the last observation at 240 min. Although not illustrated, amikacin-free
specimens also displayed several clumps. Abbreviations: EDTA, ethylenediaminetetraacetic acid.; RT, room temperature.
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Figure 3. Changes of platelet counts over time according to different anticoagulants (K2-EDTA, Na-citrate, hirudin),
measurement methods and conditions (control, amikacin or not, room temperature or 37 ◦C). The grey zone corresponds to
the RCV based on the control tube at baseline for K2-EDTA, sodium citrate and on amikacin-free tube at room temperature
for hirudin. Control hirudin tube was excluded since a blood clot was found. Control, RT, � Amikacin, RT, � Amikacin,
37 ◦C, � No amikacin, RT, � No amikacin, 37 ◦C.

The PC obtained with capillary blood in fluorescent and optical channels were
214 × 109/L and 141 × 109/L, respectively. The impedance method generated no data. In
venous blood, the PCs with the PLT-F channel at baseline were approximately 150 × 109/L
regardless of type of tube and storing condition. The PLT-O showed higher variability than
PLT-F, both at baseline and at different time points. The impedance method generated
low PC for each set. Mean platelet volume (MPV), platelet larger cell ratio, and platelet
distribution width obtained at baseline in patient control EDTA sample were 13.3 fL, 54.0%,
and 18.7%, respectively.

Tubes containing citrate, kept at 37 ◦C, displayed the greatest stability, independent of
amikacin, as did K2-EDTA stored at RT, with the entire range of values remaining within
the RCV. Maintenance of EDTA tubes at 37 ◦C rather than at RT had negative impact on
PC, with all analytical techniques used. This was particularly observed for amikacin-free
specimens at 37 ◦C, with many clumps observed on the blood smear. Hirudin specimens
displayed the worst stability over time, in all conditions.

The PC obtained with the reference method in FCM on K2-EDTA (145 × 109/L) was
quite similar to that obtained at baseline in fluorescence and optical channels. Platelet
surface glycoproteins, platelet function, fibrinolysis, and fibrin formation were normal.
In addition, mixing studies and serum anti-platelet antibody test were reported as normal.
A Von Willebrand disease (VWD), including type 2B VWD and platelet type VWD was
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also ruled out. Thus we concluded that there was multi-anticoagulant PTCP and the actual
PC was 145 × 109/L.

This single person experimental approach had some limitations. First, control mea-
surements with blood from individuals without PTCP were not carried out. This would
have assessed the in vitro cell shrinking or swelling, thus resulting in additionally mea-
surable platelets, observed in the EDTA control tube by the increase of PLT-I and MPV
from 13.3 to 15.1 fL within the first hour. This phenomenon does not interfere with PLT-F
or PLT-O. Secondly, no control tube at 37 ◦C was obtained; therefore, a general effect of
temperature on platelet clumps could not be excluded. Thirdly, no data were available to
explain the decreasing PC in citrated sample, though the hypothesis of calcium release from
reversible citrate binding could be suggested. Fourthly, other anticoagulants, including
magnesium sulfate, could have been studied, but these were not available in our laboratory
when the case study was carried out.

3. Mechanisms, Prevalence and Risk Factors

3.1. Mechanisms

First described by Gowland et al. in 1969 in a patient with a malignant non-Hodgkin’s
lymphoma [1], PTCP was rapidly identified as being in vitro phenomenon with many
further observations in healthy subjects, without a significant bleeding phenotype. EDTA-
dependent PTCP has also been described in animals such as cats, minipigs, dogs, and
horses [26–30].

Manthorpe et al. in 1981 first reported anti-platelet antibody activity based on im-
munofluorescence experiments using Fab’2-fragments of isolated IgG [31]. Then, Pegels
et al. confirmed the existence of an immunologically-mediated phenomenon caused by
presence of IgG, IgM, or IgA directed against platelet antigens, manifesting mostly at 0–4 ◦C
in EDTA samples [32]. Other immunological studies proved the varied origin of antibod-
ies, belonging to different classes of immunoglobulins, mainly IgG (and especially IgG1),
sometimes concomitantly with IgA and IgM. These could be either acquired or naturally
occurring autoantibodies [33–36]. Bizzaro et al. identified the presence of anticardiolipin
antibodies in up to two-thirds of samples containing antiplatelet antibodies [37]. However,
a recent study showed that there was no significant difference in anticardiolipin antibody
titers between individuals with PTCP and a control group of healthy patients [38]. Unlike
these previous observations, PTCP in a patient with clinical anti-phospholipid syndrome
was only reported in 2018 for the first time [39]. Cold agglutinins and antinuclear anti-
bodies were found to be significantly more frequent in individuals with PTCP compared
to healthy volunteers [38,40–42]. To the best of our knowledge, no other immunological
studies have been carried out since the beginning of this century.

Although the phenomenon has not been fully elucidated, it has been suggested that
these autoantibodies may be directed against cryptic exposed epitopes of the GpIIbIIIa com-
plex (fibrinogen receptor), a calcium dependent heterodimer, and/or negatively charged
phospholipids, therefore responsible for in vitro platelet agglutination after activation via
tyrosine kinase [4,12]. It could hence be considered as aggregation rather than agglutina-
tion. Interestingly, platelets from patients with Glanzmann’s thrombasthenia (absence of or
minimal residual amounts of GPIIbIIIa or abnormal fibrinogen receptor) fail to bind these
autoantibodies [42]. Recently, an IgM class agglutinin against collagen receptor GPVI and
triggering platelet activation has been identified in citrate anticoagulated blood of a patient
suffering from moderate bleeding diathesis [43]. These cryptic epitopes are mostly exposed
when platelets react with EDTA [44,45], which irreversibly chelates calcium [46], leading to
remarkable conformational changes of these neoantigens [37,47]. This phenomenon may
be observed with any EDTA formulation [12], and has also been described for molecules
resembling EDTA such as ethylenetriamine tetraacetic acid [48]. Interestingly, this con-
formational change is not observed with alternative anticoagulants such as citrate [10],
although a recent report suggested that conformational changes could also appear with
this latter anticoagulant or even with heparin [49]. Other immune complexes interacting
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with Fc receptors on platelet surface could be implicated in the PTCP process, with varying
degrees of specificity [7].

The PTCP spectrum may involve other additives, thus describing a new, rarer entity,
which can be conventionally called multi-anticoagulant PTCP [3,8,49–52]. It has even led
some authors to mention an “Anticoagulant-induced” PTCP rather than “anticoagulant-
dependent” PTCP.

This phenomenon can be persistent or transient, sometimes showing alternating
periods without aggregates generation [10]. A recent case of transient PTCP has been
described in a COVID-19 patient during viral immunization [2].

Transplacental transmission of maternal IgG leading to PTCP in newborns has been
described [53–55]. This condition should be considered in neonates with prolonged throm-
bocytopenia [56]. Pediatrics is therefore not safe from this phenomenon, though the
majority of cases were children suffering with infectious diseases [57–61]. Nonetheless, a
case of healthy children has been described [62].

Spurious thrombocytopenia could also be related to platelet satellitism around white
blood cells. Classically observed as an in vitro phenomenon with platelet rosetting around
the cytoplasm of neutrophils, it has been less frequently observed around lymphocytes [7,63].
The underlying mechanism has not been fully elucidated so far, though IgG autoantibod-
ies targeting GpIIbIIIa would be involved in binding to neutrophil Fc Gamma recep-
tor [64]. Other non-immune hypotheses pinpoint that proteins from alpha granules or
thrombospondin would be expressed on platelet membrane, thus leading to adhesion to
neutrophils [65]. This in vitro process would then evolve towards a more generalized agglu-
tination of platelets and neutrophils in large aggregates containing over 100 cells. The latter
phenomenon can be more rarely detected, and seems to be especially EDTA-dependent.

3.2. Prevalence

Several studies, most retrospective, have been conducted for assessing the prevalence
of PTCP in different populations. The prevalence in K2-EDTA has been estimated at around
0.03–0.27% in an outpatient population [6,7,35,66–72], increasing to 15.3% in patients
referred to an outpatient clinic for isolated thrombocytopenia [73,74]. Up to 17% of patients
with EDTA-dependent PTCP display also a low PC in citrate samples [35]. Three studies
evaluated the prevalence of PTCP in blood and platelet apheresis donors, with frequency
ranging from 0.01% to 0.2% [75–77]. Although the prevalence of EDTA-PTCP did not
appear to be significantly influenced by age or gender [12], a recent retrospective Chinese
study of 190,940 individuals with regular hospital checkups showed that this condition
was significantly higher in males aged 50 years or older [72]. Platelet satellitism is even
rarer, approximately 1 every 12,000 blood counts [7,78].

3.3. Clinical Risk Factors

Since the discovery in 1969, numerous hypotheses on the origin of anti-platelet an-
tibody production have been formulated, and many studies have attempted to identify
some putative risk factors.

The commonly accepted hypothesis entails antibody production due to cross-reactivity,
as recently described in two COVID-19 patients during viral immunization [2,3], or in
autoimmune antibodies as described here. The presence of platelet-bound GpIIbIIIa
antibodies, found in 80% of cases (as well as in our patient), reinforced this hypothesis.

Figure 4 summarizes the relationship between PTCP and clinical conditions. No par-
ticular disease is strongly associated with presence of PTCP, or show significant differences
from a control population of healthy individuals. However, the incidence of EDTA-PTCP
seems increased with hospitalization or in patients with some specific disorders, such as
autoimmune diseases. Infection, pregnancy, and use of medication such as low-molecular-
weight heparin (LMWH) have also been identified as significant risk factors [12,38,41].
As earlier mentioned, males >50 years could be at higher risk [72]. Additional conditions
found to be especially associated with PTCP are reported in the scientific literature as case
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reports. These basically include viral infections [3,59,79], sepsis [80], thrombotic and car-
diovascular disorder, heparin-induced thrombocytopenia (HIT) [41,81,82], auto-immune
disorders [39,83], liver diseases [51,84], cancer [85,86], surgical settings [87–89], post stem
cell transplantation [90,91], treatment with valproic acid [51], insulin, antibiotics [92], or
chemotherapeutic agents such as sunitinib [52]. Some authors prefer to use the term “coin-
cidental PTCP” or “concomitant PTCP” rather than expressly associating this condition
with a particular disease [43,81]. Several recent cases with therapy based on monoclonal
antibodies have also been described, encompassing GpIIbIIIa [93] or immune checkpoint
inhibitor such as pembrolizumab [94].

 

Figure 4. Relationship between anticoagulant-dependent pseudothrombocytopenia and disease. Increased prevalence of
PTCP has been described in populations in the upper box. Concomitant presence of PTCP and a disease have been observed
without proving an increased risk for one or the other. The presence of a PTCP does not increase the risk of developing a
specific disorder. Abbreviations: HIT, heparin-induced thrombocytopenia; LMWH, low-molecular-weight heparin; SCT,
stem cell transplantation.

Notably, the identification of PTCP does not seem to enhance the risk of developing a
certain disorder [43]. Some individuals have persistent PTCP for decades, without reporting
any relevant pathological state. More data are hence necessary to evaluate PTCP as a clinical
condition for possible diseases. However, it has already been suggested that it may be
advisable to investigate the presence of an autoimmune disease when observing PTCP [38].
In addition, platelet satellitism has been found both in healthy people and in patients
with cancer, infections, or autoimmune disorders [78,95]. Critical recognition of PTCP in
situation at higher bleeding risk, including patients undergoing cardiac surgery [89,96,97]
or with life-threatening disorders such as disseminated intravascular coagulation (DIC) and
HIT [12], could prove advantageous. PTCP shall also be accurately ruled out in patients
undergoing treatment with GPIIbIIIa antagonists, due to the high risk of stent thrombosis
that would result from discontinuation of such therapy [98].

4. Pre-Analytical and Analytical Influencing Factors

4.1. Collection

Laborious venipuncture, overfilled blood specimens, or blood draws from indwelling
lines may trigger platelet clumps by spurious activation of coagulation in vitro [7]. Capil-
lary venous blood seems also more vulnerable to platelet clumping [15], though it has been
described as having a lower number of aggregates [16].
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Although capillary blood displayed the highest PC in our case report, uncertainty
remains concerning buffer dilution and a possible matrix effect, since the analyzer is
calibrated for using venous blood.

4.2. Aminoglycosides and Other Compounds

Aminoglycoside supplementation in EDTA blood sample has been extensively in-
vestigated [5,9,13,50,69,99,100], maybe for its wider hospital availability compared to
other compounds.

In our case, the presence of a stabilizer in the preparation of the aminoglycoside
(e.g., sodium citrate) [101] may explain why the addition of amikacin in citrated tubes
did not resolve the issue. In contrast, K2-EDTA supplemented with amikacin displayed
greater stability of platelet values, thus revealing a possible benefit from dual anticoagula-
tion. However, the package insert does not specify the concentration of sodium citrate in
solution [22], so that the role of stabilizers in PTCP needs to be further elucidated.

More importantly, amikacin is not always effective in correcting PCs in vitro [13],
since its activity is dependent on the type of anticoagulants to which it is added [9]. The
mechanism of aminoglycosides activity in PTCP remains hypothetical [9,11], and its use
controversial [10].

Other aminosides including kanamycin can be added in EDTA-samples to prevent
or even dissociate platelet aggregates, though displaying variable outcomes [13,50,69].
Supplementation with other pharmaceutical drugs in blood samples such as potassium
azide, calcium chloride, antiplatelet agents including GpIIbIIIa inhibitors, thromboxane
inhibitors, irreversible cyclooxygenase inhibitors, or apyrase have also been described [4,12].
However, no single additive has been shown to be reproducibly effective against platelet
clumping. Moreover, these laboratory procedures are time-consuming, and must be hence
reserved to specific cases.

4.3. Temperature

Alternative strategies, such as maintaining the whole blood sample at 37 ◦C until
analysis, can be seen as reliable means for preventing platelet clumping, though will
not be effective to solve the interference when already present, as in our case. Interest-
ingly, the reticulocyte channels for PLT-O and PLT-F on Sysmex XN® instrumentation are
pre-warmed before platelet enumeration, which has plausibly influenced the counting.
Future evaluations should also consider comparing PC at lower temperatures, given the
observation of higher PCs obtained at RT than at 37 ◦C in K2-EDTA specimens in our case.

Indeed, heating EDTA-blood samples to 37 ◦C does not guarantee an accurate PC
in 20–35% of reported cases [11,35,99], either because this phenomenon is sometimes
temperature-independent, or some autoantibodies (especially IgM) have best clumping
activity at 37 ◦C, thus resulting in instant aggregation in any anticoagulated blood sam-
ple [10,102]. When performed, incubation at 37 ◦C should be initiated as early as possible
after phlebotomy [103].

The broad spectrum of described case reports, even for similar conditions (e.g., antico-
agulants, temperature) is perhaps attributable to different physico-chemical properties of
the antibodies, as well as to confounding variables (time after sampling, pH, medications,
and so forth).

4.4. Time

The need for rapid analysis of an EDTA blood tube has been suggested by French
guidelines [4] and others [10]. This is due to the time-dependent fall in PC, from 1 min after
blood collection to 4 h afterwards [12,13,101,104,105]. Citrate-anticoagulated specimen also
evidence underestimated PC when analyzed over 3 h after phlebotomy [106]. This may
be explained by the reversible calcium-chelation, which triggers progressive aggregates
generation. However, time was not a substantial parameter in our case report, as the PC
remained stable in K2-EDTA stored at RT.
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4.5. Analytical Techniques

The detection of PTCP is highly dependent on the analytical technique, each showing
its own sensitivity and/or vulnerability to the presence of platelet aggregates.

The analytical technique has been a cornerstone for partially avoiding interference
due to clumps for this patient. Indeed, PLT-F, PLT-O, and FCM displayed the highest PC,
thus suggesting partial dissociation of aggregates using these techniques, as opposed to the
impedance method, which was the most vulnerable to platelet clumping. This dissociation
effect, independent of manufacturer’s fluorescent dye staining, has been assumed in a
recent Chinese study [14]. However, sample treatment with hematology or flow cytometry
analyzer reagents could not be carried out in our case.

The majority of clinical laboratories are currently using impedance technique for
platelet counting, as a consequence of larger availability of instruments based on this
standard technology in the market. This method, encompassing variation in electric
current intensity when a blood particle passes through two electrodes, does not discriminate
platelets from other blood elements with similar same size range [4,107,108]. This technique
hence displays high inaccuracy in several clinical situations, despite implementation of
computerized algorithms (“moving threshold” and “curve fitting”) [107], and remains
vulnerable to platelet clumps, as highlighted in this case report. Depending on size, platelet
clumps are then enumerated as single large platelets, or as small lymphocytes, resulting
in spuriously low PC, and sometimes leading to falsely elevated leukocyte count [4].
Interestingly, the impedance histogram is a useful tool to detect PTCP, as it may display
sawtooth irregularities in the curve and serrated tail, sometimes with no return to the
baseline at 20 fL, along with the inability of the analyzer to determine a cut-off between
platelets and red blood cell fragments or microcytic red blood cells [4,14,108,109].

Under these measurement conditions, the presence of large platelets (e.g., macroplatelets
or giant platelets) as observed in constitutional thrombocytopenias, myeloproliferative neo-
plasms, or immune thrombocytopenias, may also lead to underestimation of PC, whether
or not in vivo thrombocytopenia is present. This less known phenomenon could hence
lead to PTCP, not related to the EDTA, but to limitations of current instrumentation when
analyzing large platelets.

The impedance method is usually used in routine settings for PC, though laboratory
technicians could switch to optical-based or fluorescence-based methods using the reticu-
locyte mode on demand [110,111]. In our laboratory, these methods are set up as “reflex
test”, when abnormal histograms of RBC or platelet size are encountered.

The optical platelet-counting method identifies platelets with laser light scatter tech-
nique. It uses bi-parametric analysis, based on size and RNA content of particles (except for
ADVIA counters). This method overcomes some of impedance drawbacks [107], though
obtaining an accurate PC remains challenging in some cases. In our case, PLT-O at baseline
showed PC close to FCM reference method.

The fluorescence-based technology is currently marketed by two manufacturers, Sys-
mex (Kobe, Japan) and Mindray (Shenzhen, China), respectively. On Sysmex XE and XN
instruments, this technique combines scattered light and side fluorescence detectors. A
fluorescent dye (oxazine) is used beforehand to stain platelets and reticulocytes. It has been
shown as a reliable method for accurate platelet counting in thrombocytopenic patients,
and one of the most reliable for taking clinical decisions on platelet concentrate transfu-
sions [112–117]. Compared to PLT-O, PLT-F can more clearly distinguish PLT from other
blood cells, and is also more accurate for analysis of giant thrombocytes [4,115]. More
importantly, it has recently been described as effective in correcting spurious low PC on
the two platforms Sysmex XN 9000 and Mindray SF-cube, even suggesting that an alter-
native anticoagulant will probably no longer be necessary in case of EDTA-PTCP [14,108].
Limitations of this enumeration technique are longer turnaround time, increased reagent
costs due fluorescent dye, and need of larger sample volume [113]. Additional studies
with large number of patients are still needed to demonstrate that Sysmex XN 9000 and
Mindray SF-cube are actually correcting spuriously low platelet counts.
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Although the immuno-platelet counting using monoclonal CD41 and CD61 antibodies
by FCM is the reference assay for accurate PC [118], this approach requires specific skills,
is time consuming, and not applicable in practice when dealing with PTCP. It has been
poorly investigated in case of PTCP, and our results show that PLT-F and PLT-O were quite
similar. This led us to suggest that even this method does not allow optimal thrombocyte
counting in presence of PTCP, despite a possible partial aggregates dissociation.

Based on the available literature and this report, we hence suggest fluorescence-based
counting as the most useful second-line technique given the nature of FCM and the larger
variability observed with PLT-O.

Alternative microscopic methods in case of multi-anticoagulant PTCP should also
be considered, such as manual counting on native whole blood sample [4] (i.e., capillary
blood or venous blood from discard tube) or on PBS, the latter being able to benefit from
double platform counting [119] by multiplying the platelet to red blood cell ratio by the
concentration of red blood cells counted on the analyzer. The accuracy and efficiency of
this counting method can be improved by using digital microscopy. However, this has
been shown on normal samples but has never been evaluated in the presence of platelet
clumps.

4.6. Alternative Anticoagulants

Sodium citrate is the most widely used alternative anticoagulant to EDTA due to
its wider availability on the market and its lower risk of clump formation. However,
PTCP has been described with EDTA and citrate concomitantly, and even with more than
two anticoagulants [3,8,49–52], including in this case report. The major disadvantage of
citrate is the introduction of a dilution factor, since the anticoagulant is only available in
liquid form. The most commonly used correction of 110% may not be sufficient, because
the PC is underestimated compared to EDTA [106]. Two reports showed the need for a
higher corrective factor; one suggested 117% and the other 125%, respectively [11,120].
However, French guidelines still recommend the 110% correction factor, and caution is
advised for citrate samples processed more than 3 h after collection. The PC on citrate
therefore remains slightly insufficient when correcting EDTA-PTCP, albeit to a lower extent
than in the presence of aggregates.

Heparin is another commonly used alternative anticoagulant, though is currently
no longer recommended by the French guidelines. Its weak staining properties make
interpretation of blood smears challenging due to the presence of halos around cellular
elements, while it seems also not always efficient to prevent PTCP [4].

Sodium fluoride [109,121], CPT (Trisodium citrate, pyridoxal-5′ phosphate and
Tris) [122,123] and CTAD (citrate, theophylline, adenosine, and dipyridamole) can also
be used. No cases of PTCP have been reported for the last two additives. Although
the latter also suffers from a dilutional effect due to anticoagulant availability in liquid
form, several studies including some on animals showed its benefit in resolving EDTA-
PTCP [124–126].

Two anticoagulants especially useful in PTCP should also be considered, although they
have not been studied here. One of these, based on magnesium sulfate, is effective to prevent
PTCP and hence recommended for PC once PTCP has been documented [10,17,101,127,128].
Magnesium inhibits platelet aggregation through its ability to prevent intracellular calcium
influx and by inhibiting thromboxane A2 formation. In addition, it interferes with fibrinogen
binding to stimulated thrombocytes [17,101]. Historically used for platelet counting, it has been
offset by automation in hematology, which has propelled EDTA as the reference additive. Its
effectiveness has even been proven in multi-anticoagulant PTCP, as the most effective compound
to prevent platelet clumps among the five anticoagulants [8]. No case report of PTCP with this
additive has yet been published to the best of our knowledge. The other additive, acid citrate
dextrose (ACD), may almost invariably prevent platelet aggregation [18], even more effectively
than using sodium citrate, due to the more acidic content along with a lower aggregation.
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Before being replaced by EDTA, the ACD was the most widely used additive for routine platelet
enumeration [31].

Given the few hirudin-PTCP reports described and its increasing use in clinical labo-
ratories, especially for multiple electrode aggregometry [129], the hirudin tube was also
studied in this experimental protocol. This study can be added to the previous reports that
showed that hirudin specimens had no advantage in correcting PTCP [8,19,20], in addition
to being expensive.

5. Clinical Implications

Although laboratory awareness of this PTCP has led to a proactive attitude towards
clinicians, this phenomenon continues to have clinical consequences. Recent published
cases of PTCP, leading to undesirable clinical implications, are summarized in Table 1.

Table 1. PTCPs with clinical impact reported in the literature since 2015.

Author (Ref.) Anticoagulant-Induced Ptcp Medical Condition Clinical Implication
Confirmation on
Alternative
Anticoagulants

Akyol et al., 2015 [130] EDTA SLE & Lupus nephritis Unnecessary platelet
transfusion Citrate

Kohlschein et al., 2015 [128] EDTA, Citrate Paroxysmal atrial
fibrillation

Delayed cardiological
intervention

Magnesium sulfate

Greinacher et al., 2016 [98] EDTA, Citrate
ACS under
GpIIb/IIIa antagonist
(Eptifibatide)

Therapeutic
management
issues and wrongly
transferred in ICU

ND

Shi et al., 2017 [80] EDTA Sepsis Unnecessary platelet
transfusion Citrate

Li et al., 2020 [2] EDTA Viral infection
(COVID 19)

Unnecessary platelet
transfusion

Citrate

Kuhlman et al., 2020 [3] EDTA, Citrate, Heparin Viral infection
(COVID 19)

Associated with an
arterial
occlusive stent (STEMI)

None

Zhong et al., 2020 [49] EDTA, Citrate, Heparin Viral infection
(gastroenteritis)

Treated with
dexamethasone due to
misdiagnosis of ITP

None

Abbreviations: ACS, Acute coronary syndrome; ICU, Intensive care unit; ITP, immune thrombocytopenia; ND, not determined; SLE,
Systemic lupus erythematosus; STEMI, ST-Elevation myocardial infarction.

The PTCP may have only minor pathophysiologic significance. However, this situation
must be distinguished from true in vivo platelet clumps detected by chance during a
blood test. Some reports have mentioned this possibility. One described in vivo platelets
clumps due to arterial occlusive stent [3]. The pathogenesis of clump formation in arterial
thrombosis has no strict relationship with the dynamics of aggregates formation in PTCP.
Other cases described in vivo platelet clumping in patients with type 2B VWD, who were
misdiagnosed with EDTA-PTCP [131–133]. Interestingly, morphological features of clumps
in this setting are different from the aggregates encountered in EDTA-dependent PTCP,
being characterized by more heterogeneous and larger sizes [15,132]. Findings of platelet
clumps on blood smears from whole blood (either finger prick or discard tubes) may
suggest this pathology [131]. Although we did observe platelet clumps on whole blood
samples, VWD including VWD 2B and platelet type VWD could be ruled out in our patient.
A significant increasing of in vivo platelet clumps have also been described in healthy
marathon runners, 30 min after the race [134].

As the in vitro phenomenon of PTCP could be misdiagnosed with thrombocytopenia,
it does affect diagnostic, management, and therapeutic decisions. Inadequate treatments
such as platelet transfusion [2,80,128,130,135] or high doses corticosteroids against immune
thrombocytopenia [49,83,100] may be frequently used, hopefully with minor iatrogenic
consequences. Nonetheless, other implications such as discontinuation of heparin therapy
could be potentially life-threatening [81]. Detection of PTCP can even modify the decision
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to initiate heparin therapy, especially when managing acute coronary syndrome [96].
Unnecessary investigations such as a bone marrow biopsy and unwarranted surgical
procedures such as splenectomy have also been described [7,96,136,137].

Given the potential life-threatening situations, some authors suggested that PTCP
must be in the differential diagnosis, or even ruled out, before considering a diagnosis, for
example in patients with cancer [94] or HIT [81]. Interestingly, a study observed that 88% of
patients with EDTA and citrate dependent-PTCP had anti-platelet factor 4 (PF4)/heparin
antibodies [82], thus potentially leading to diagnose HIT and discontinuing heparin therapy.
However, larger clinical studies are needed to demonstrate the presence of these antibodies
in PTCP [41]. In addition, laboratory tests used for HIT diagnosis must be integrated into
a clinico-pathological approach. In a patient with positive pre-test score, the presence
of anti-platelet factor 4 (PF4)/heparin antibodies should be confirmed by a functional
assay, which measures heparin-dependent platelet activation/aggregation induced by HIT
antibodies [138]. Finally, a B-cell lymphoproliferative disorder could be suspected in the
presence of platelet satellitism around lymphocytes [63].

6. Management in the Laboratory and Practical Flowchart

A careful search in the literature about management of PTCP shows different ap-
proaches, though most of these generally follow a three step process: identification, con-
firmation, and prevention. Below, we propose a specific algorithm, based on the current
knowledge of PTCP (Figure 5). This flowchart is based on the recent decision tree from
the last recommendations of Groupe Francophone d’Hématologie Cellulaire (GFHC) for
thrombocytopenia [4].

Once the presence of clots has been ruled out, inspection of histograms and scatter-
grams of RBCs, platelets, and white blood cells is carried out during the staining of the
May–Grünwald–Giemsa smear. These may already suggest the presence of platelet satel-
litism, giant platelets, or aggregates, which must then be confirmed on PBS. If fluorescence
or optical measurements are available, they should be considered either on the basis of
histograms or on PBS. When these methods do not remove the interference, an alternative
anticoagulant should be considered to differentiate between a preanalytical problem, an
EDTA-dependent PTCP, or a multi-anticoagulant PTCP. In the latter case, third-line an-
ticoagulants such as magnesium sulfate or ACD are recommended. Interestingly, these
anticoagulants are already used as second-line anticoagulants instead of citrate in some
laboratories. Manual counting or variation of physico-chemical parameters should be
performed in a limited number of cases. Finally, the preferred counting technique should
always be reported, at least within the laboratory information system (LIS), thus limiting
further investigations and potential clinical repercussions.
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Figure 5. Modified flowchart diagram of EDTA thrombocytopenia based on the decision tree from Baccini et al., 2020
(GFHC, French Society of Haematology). This provides a practical approach for laboratory staff in the presence of
thrombocytopenia. ACD: acid citrate dextrose; CBC: complete blood count; CIT: citrate; MGG: May–Grünwald–Giemsa
staining; PBS: peripheral blood smear; PC: platelet count; PLT: platelet; PS: platelet satellitism; PLT-O: optical-based
platelet count; PLT-F: fluorescence-based platelet count; PTCP: pseudothrombocytopenia; RBC: red blood cells; WBC: white
blood cells.
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7. Conclusions

PTCP is a complex phenomenon, influenced by the method used for counting throm-
bocytes and including also preanalytical issues. It seems that no particular disease may be
specially associated with PTCP. This condition could still lead to misdiagnosis of throm-
bocytopenia, impairing diagnosis, management, and therapeutic decisions. Most cases of
EDTA-dependent PTCP can be corrected by using different anticoagulants, whilst multiple
anticoagulants PTCP is a less acknowledged laboratory phenomenon, resulting in more
analytical challenges. Observing PTCP in individuals does not increase the risk of develop-
ing future disorder. Conversely, the incidence of PTCP is higher in patients with identified
risk factors, including male sex, age over 50 years, underlying diseases, or therapy with
drugs such as LMWH. New technologies such as fluorescence or optical platelet counting
should be implemented in clinical laboratories, as they will provide a valuable and suitable
support for correcting spuriously low PC. Heating the whole blood specimen at 37 ◦C,
in vitro amikacin supplementation, or rapid sample analysis are more laborious strategies,
which are not always effective to improve the accuracy of PC, as observed in this case
report. Alternative anticoagulants to EDTA (e.g., magnesium sulfate or ACD) should
now be reconsidered in sample with clear evidence of PTCP. Finally, the counting method
should always be reported, at least in the LIS.
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Abstract: Thrombocytopenia and impaired platelet function are known as intrinsic drawbacks of
cardiac surgery and extracorporeal life supports (ECLS). A number of different factors influence
platelet count and function including the inflammatory response to a cardiopulmonary bypass
(CPB) or to ECLS, hemodilution, hypothermia, mechanical damage and preoperative treatment
with platelet-inhibiting agents. Moreover, although underestimated, heparin-induced thrombocy-
topenia is still a hiccup in the perioperative management of cardiac surgical and, above all, ECLS
patients. Moreover, recent investigations have highlighted how platelet disorders also affect patients
undergoing biological prosthesis implantation. Though many hypotheses have been suggested, the
mechanism underlying thrombocytopenia and platelet disorders is still to be cleared. This narrative
review aims to offer clinicians a summary of their major causes in the cardiac surgery setting.

Keywords: platelet; thrombocytopenia; cardiac surgery; inflammation; biological prosthesis; extra-
corporeal life support

1. Introduction

Platelets are anucleated blood components with a pivotal role in hemostasis and
also other functions in the biology and pathophysiology of complex diseases [1]. Beyond
hemostasis and thrombosis, contemporary knowledge ascribes to platelets a key role also
in inflammation and innate immunity [2–5]. Therefore, platelets may be considered as
immune cells [6]. Quantitative and qualitative platelet derangements represent a short-
coming in cardiac surgery and extracorporeal life supports (ECLS). Thrombocytopenia,
indeed, is an intrinsic drawback of cardiac surgery with a prevalence > 30% [7,8]. It is not a
trivial event but rather a clinically relevant entity independently associated with increased
postoperative morbidity and mortality [7,8]. A conclusive knowledge about the causes of
the phenomenon is lacking whereas certainty of its clinical implications exists [9].

Therefore, beyond the role of platelets in hemostasis and thrombosis, the present
review aims to give a comprehensive analysis of platelet behavior in the cardiac surgery
setting (Figure 1).

J. Clin. Med. 2021, 10, 615. https://doi.org/10.3390/jcm10040615 https://www.mdpi.com/journal/jcm

89



J. Clin. Med. 2021, 10, 615

Figure 1. Platelet activation as a consequence of cardiopulmonary bypass-assisted cardiac surgery and extracorporeal life
support. A summary of quantitative and qualitative platelet derangements. Abbreviations: cardiopulmonary bypass (CPB),
heparin-induced thrombocytopenia (HIT), ultra-large antigenic complexes (ULCs), neutrophil extracellular traps (NETs),
microRNAs (miRNAs).

2. Platelets, Cardiac Surgery and Extracorporeal Circulation: The Axis of Hemostasis,
Inflammation and Innate Immunity

Multiple sides of platelet biology greatly impact on heart procedures because cardiac
surgery enhances a systemic immuno-inflammation response, platelet activation and the
coagulation cascade [10].
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Platelets undergo both quantitative and qualitative alterations throughout a cardiopul-
monary bypass (CPB), the extracorporeal circulation applied to cardiac surgery procedures.
The interaction between blood and artificial surfaces of the CPB triggers damage to several
cells, the release of various inflammatory cytokines and the activation of the complement
and coagulation-fibrinolysis systems [11,12]. During a CPB, platelet changes are caused by
hypothermia, shear stress, extensive exposure to artificial surfaces and the use of exogenous
drugs (heparin and protamine) [11,12]. Moreover, the coagulation cascade also begins with
the activation of factor XII. Clotting factor activation occurs and initiates the subsequent
activation of kallikrein, the kinin-bradykinin system and the fibrinolytic and complement
cascades [11,12]. All of these mechanisms lead to increased postoperative outcomes such as
mortality, major complications (e.g., stroke, acute kidney injury, postoperative infections)
and a prolonged in-hospital length of stay [7]. Moreover, the hemodilution related to a
CPB contributes to increasing the rate of thrombocytopenia [10–12]. Therefore, cardiac
surgery and a CPB lead to a complex homeostatic alteration that enhances the so-called
“thromboinflammation”, a complex mechanism involving inflammation, thrombosis and
innate immunity [10,11]. The same scenario occurs also as a response to other triggers
such as veno-arterial (V-A) and veno-venous (V-V) extracorporeal membrane oxygenation
(ECMO) and cardiac prosthetic devices [1,13,14].

Moreover, a major role is attributed to the direct platelet-leucocyte interaction that
bidirectionally boosts their reciprocal activation [15]. This cross-talk is fundamental in the
multistep pathway of neutrophil extravasation (i.e., margination, rolling, extravasation
and migration) that occurs in the systemic inflammatory response syndrome in patients
on a CPB [16,17]. This process causes the activation of the endothelial cells and of several
cellular adhesion molecules (CAMs) resulting lastly in tissue metabolic impairments and
an ischemia-reperfusion injury (IRI) [16,17]. Moreover, the interplay between platelets and
neutrophils was reported as a prerequisite for the release of neutrophil extracellular traps
(NETs), which further triggers platelet activation and aggregation [18,19]. Furthermore,
the binding of platelets’ integrin αIIbβ3 to neutrophils’ macrophage-1 antigen (Mac-1)
stimulates the signaling leading to the formation of NETs. This interaction activates an
inflammatory response mediated by the nuclear factor-kB (NF-kB) [20–23].

Platelets also modulate the immunoactivity of monocytes/macrophages by NF-kB
activation. Moreover, the synthesis of proinflammatory mediators is stimulated. Platelets
promote monocytes’ chemokines synthesis via P-selectin/P-selectin glycoprotein ligand
(PSGL)-1 axis mediated “regulated on activation, normal T cell expressed and secreted”
(RANTES) activation [24]. Furthermore, platelet α-granules (their most abundant storage
granules) contain a diverse range of cytokines and chemokines among which are CXCL1,
platelet factor 4 (PF4; CXCL4), CXCL5, interleukin-8 (IL-8) and RANTES [25]. Platelets have
also been shown to independently enhance the inflammatory cascade in innate immune
cells in vivo, thus contributing to the release of IL-1 cytokines [26].

In addition to these direct and indirect biological mechanisms, platelets also interact
with the classical and the alternative pathways of the complement system [27]. The release
of chondroitin sulfate modulates complement activity promoting anaphylatoxins and mem-
brane attack-complex (MAC) generation, thus inducing further platelet activation [28,29].
The interplay between platelets and the complement system seems to involve platelet
microparticles containing complement components such as C5b-9 at their surface [30,31].

Furthermore, platelets are the main source of microparticles in the bloodstream [32].
Extracellular vesicles composition varies and includes chemokines, cytokines and CAMs as
well as small non-coding RNAs called microRNA (miRNA) [33,34]. MiRNA are involved in
gene expression via negative post-transcriptional regulation [33,34]. Circulating miRNAs
(i.e., miR-223 and miR-499) were detected following thrombin stimulation [34,35]. Even if
the underlying mechanism is still to be cleared, miRNAs could transfer genetic material to
recipient cells (among which are endothelial and immune cells) impacting the biological
functions of recipient cells (i.e., regulating CAMs expression) [34,35]. Indeed, plasma exo-
somal miR-223 concentration was found to increase after CPB onset and to downregulate
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the inflammatory response reducing IL-6 and NLRP3 expression in monocytes [36]. A few
studies have suggested that platelet microparticles may also be a source of a circulating
tissue factor, explaining the activation of the extrinsic coagulation cascade and again linking
hemostasis with immuno-inflammation via platelet activity [37].

Therefore, platelets contain abundant RNAs even if they lack a nucleus. Intraplatelet
miRNA alterations may influence platelet messenger RNAs and consequently their pro-
teome. Platelet protein expression impairment may further contribute to postoperative
platelet dysfunction. A platelet qualitative impairment such as a reduced surface GPIb
expression was found to be associated with the overexpression of some miRNAs (i.e.,
mir-10b and mir-96) and also with enhanced platelet Bax apoptotic signaling in cardiac
surgery cohorts [38,39]. Microcirculatory impairment is another factor associated with
platelet dysfunction following heart procedures. It consists of the loss of capillary density
and increased flow heterogeneity and reflects how endothelial activation and glycocalyx
degradation are both a consequence and a determinant of the systemic inflammatory re-
sponse [40–42]. Furthermore, a recent investigation showed how perivascular mast cells
were activated through the release of the lipid mediator platelet activating factor (PAF) from
gut microvascular endothelial-adherent platelets to explain the inflammatory mediated
tissue damage and organ injury following a CPB [43]. This mechanism might highlight
platelets as a direct determinant of IRI related tissue damage.

3. Platelets and Extracorporeal Membrane Oxygenation

ECMO is a temporary mechanical support for severe cardiac or respiratory failure
or both [44,45]. Although the technology is almost identical, ECMO and a CPB differ in
many aspects such as the setting of the application, the duration of the support and the
rates of complications. Despite fifty years of continuous improvement in technology and
management, ECMO has weaknesses to be overcome [46]. Thrombocytopenia and platelet
dysfunction are ECMO shortcomings whose underlying mechanisms remain not fully
understood.

First, the alteration in the phenotype and thrombocytopenia of platelets could be the re-
sult of a huge inflammatory response. As in CPB patients, activated platelets circulate in the
bloodstream of patients on ECMO following contact with the circuit’s artificial surfaces [47].
Blood exposure to non-physiological conditions promotes thrombotic events [47].

Secondly, the high-speed rotation of the centrifugal pump triggers a mechanical shear
stress causing platelet dysfunction, rupture and the shedding of receptors [48]. In a recent ex
vivo study, Sun and colleagues demonstrated the pivotal role of the oxygenator, pump and
circuit in affecting platelet function [49]. Platelet receptor shedding and a persistent release
in microparticles confirmed a deficient adhesion and platelet count reduction increasing
over time [49]. Similarly, a decreased binding capacity of platelets was demonstrated by
the loss of surface receptors [50–52]. Cannulation sites and components of the circuits
have also been investigated to identify how they could alter platelet shape, function and
count [53]. Fuchs and colleagues indicated the pump as the largest site risk for platelet
activation followed by the reinfusion cannula and lastly the connectors [53].

Thirdly, as systemic anticoagulation is required, patients are likely to develop heparin-
induced thrombocytopenia (HIT) [54]. The Extracorporeal Life Support Organization
(ELSO) anticoagulation guideline recommends the administration of antithrombotic ther-
apy during ECMO; unfractionated heparin (UFH) is widely administered [54,55]. The
prevalence of HIT in adult ECMO patients is estimated at 3.7% with a similar prevalence
between V-A and V-V ECMO [55,56]. However, this result could be biased by prompt
HIT recognition and switching to alternative anticoagulants [56]. Frequently, physicians
treat a patient by just thinking about HIT and without a solid diagnosis. Therefore, an
agreed international protocol is strongly required for the early identification and univocal
management of HIT patients in ECMO.

Other speculations have been advanced to justify thrombocytopenia during the ECMO
run [57–59].
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A few studies have focused attention on the duration of support and platelet count
decrease [57–59]. Ang and colleagues showed how time on ECMO directly induced
thrombocytopenia and the need for blood product transfusions, particularly platelets [60].
However, several factors such as a pre-existent disease (i.e., sepsis and postcardiotomy
cardiogenic shock), antiplatelet drugs and bleeding events could have biased the authors’
results. Panigada and co-workers observed similar outcomes in their cohort study [58].
Abrams first stated that platelet count reduction was mostly due to the severity of the
disease of patients rather than related to the duration of ECMO support [57]. In a recent
meta-regression, we confirmed that a worsening in thrombocytopenia was independent
of the number of days on ECMO [56]. However, we speculated that after few days the
inflammatory response induced by ECMO might not affect the freshly generated platelets
due to the beginning of an endothelization mechanism of the circuit [56,61,62].

The ECMO mode also does not seem to influence the degree of thrombocytopenia [56].
After analyzing the available evidence in the literature, we estimated a comparable platelet
count decrease in almost 25% and 23% of adult V-A and V-V ECMO subjects, respec-
tively [56].

However, in addition to the causes, future research should focus on the possible
clinical implications of platelet disorders (i.e., hemorrhagic or thrombotic events, blood
product transfusions and mortality). Currently, the literature lacks trials that centrally
address this issue. Researchers will have to face the multiple biases (i.e., pre-existing
diseases, anticoagulation and antiplatelet drugs, sepsis) that make the investigation a real
challenge.

4. Platelets and Aortic Biological Prosthesis

In the past years, physicians have had to cope with periprocedural thrombocytopenia
in patients receiving an aortic biological prosthesis [63]. The discussion has focused on
blood interaction with the artificial valves and the possible consequences [63]. An increased
platelet turnover and destruction plays an important role [63]. Moreover, a major bleeding
risk after an aortic valve replacement is not an uncommon event ranging from 4% for surgical
tissue valves to 16% for the transcatheter prosthesis [63]. The shear stress through an artificial
device has been suggested as a central mechanism of hemostatic dysfunction [64,65]. It
can induce conflicting mechanisms at the same time; platelet activation, aggregation and
generation of procoagulant microparticles as well as platelet dysfunction, loss of surface
receptors and bleeding complications [64,65]. Furthermore, patients receiving surgical
bioprostheses are exposed to the adverse effect of the CPB [54]. The CPB duration seems
to be a major determinant for the development of postoperative thrombocytopenia [66].
However, this mechanism could change according to the different type of valve prosthesis
implanted.

In 2006, Le Guyader and colleagues observed platelet activation after aortic valve
replacements with two kinds of mechanical valves and three kinds of tissue valves [67].
They found platelet activation in all of the prostheses on the eighth postoperative day (POD)
and was still present in the bioprosthesis group at the two month follow-up [67]. Ravenni
and co-workers reported a decrease in platelet counts in different bioprosthesis types on
the first POD; a stentless bioprosthesis showed a significant decrease in the postoperative
platelet count compared with stented tissue valves [68]. Similarly, in 2016 Stanger and
colleagues reported a significant decrease in the postoperative platelet count in three types
of bioprostheses [69]. Nevertheless, those tissue valves were not associated with bleeding
complications [69].

Several investigators have reported stentless bioprostheses as risk factors for postop-
erative thrombocytopenia [70–73]. Although showing a good hemodynamic performance,
stentless bioprosthesis implantation has been associated with postoperative thrombocytope-
nia [63]. However, a decreased postoperative platelet count did not affect the postoperative
outcomes compared with stented bioprostheses except for an increased rate of red blood
cell transfusions [63]. The postoperative platelet count decreased from 60% to 77% after a
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stentless bioprosthesis implantation [63]. Likewise, the platelet count fell from 53% to 60%
after the implantation of rapid deployment valves (RDVs) [63]. Like the stentless valves,
thrombocytopenia after RDV implantation seemed to occur in the first PODs before a slow
recovery within 7 to 10 days after surgery [69,74–76]. The origin of thrombocytopenia after
RDV implantation is still unknown. To explain the phenomenon in RDVs, investigators
have advanced analogous hypotheses to those for thrombocytopenia after the implantation
of stentless bioprostheses [74–77].

Interestingly, thrombocytopenia and platelet disorders do not only occur after the
implantation of surgical bioprostheses [63]. Several papers have reported that transcatheter
aortic valve implantation (TAVI) patients have also experienced a temporary platelet count
decrease following the procedure [63,78–90]. The platelet count drop ranged from 21% to
72% after TAVI with associated adverse outcomes [63,89,91]. The cause was most likely
multifactorial; the valve design, the shear stress, the valve size, the length and type of the
procedure and the amount of low-osmolar contrast agents used can interact together and
elicit platelet destruction and increase the coagulation cascade and the inflammatory pro-
cess leading to thrombocytopenia [63,89,90]. Moreover, mispositioning and TAVI migration
are predictors of a platelet count decrease supporting the hypothesis of shear stress in the
origin of thrombocytopenia [12]. Furthermore, thrombocytopenia occurs more frequently
in patients with balloon-expandable valves (BEVs) [63,85,87,90]. Considering the prosthesis
shape, the use of large sheaths, pre-dilatation and surgical cut-down for femoral access, a
BEV was identified as a new predictor of TAVI related thrombocytopenia [63,85,87,90]. Fur-
thermore, TAVI related thrombocytopenia has been found to be associated with increased
early and overall mortality after TAVI [63,89].

Future investigations should focus on defining thrombocytopenia and platelet disor-
ders after the implantation of biological prosthesis to improve patient management and to
reduce adverse events.

5. Heparin-Induced Thrombocytopenia

Heparin-induced thrombocytopenia (HIT) is a rare drawback after the exposure to
either unfractionated heparin (UFH) or low molecular weight heparin (LMWH). Heparin
is a worldwide used anticoagulant because of its efficiency, accessibility, reversibility and
costs beyond compare.

HIT is characterized by a decreased platelet count of about 30–50% leading to se-
vere thrombocytopenia (<100 × 109/L). However, typical factors such as hemodilution
must be ruled out in the diagnostic phase. Hemorrhagic complications are rare whereas
thromboembolic events occur more frequently (up to ~ 50% if not diagnosed/treated)
and might jeopardize the patient’s outcome [92]. HIT is estimated to occur once in 1500
hospitalizations in the United States with high-risk cardiac surgery patients [92]. Further-
more, HIT is associated with a four-fold higher in-hospital mortality, three-fold longer
median hospitalization time and four-fold higher costs of hospitalization compared with
thrombocytopenia from other etiologies [93].

HIT’s risk factors are both host and drug related; the female gender has been linked
to a doubled risk of developing HIT [94] while a younger age (<40 years) seems to entail
a milder risk [95]. Furthermore, recent genome-wide association studies (GWAS) have
highlighted candidate gene variants (i.e., the HLA-DRB3*01:01 allele) associated with a risk
of HIT [96–98]. Among the drug related factors, the duration of heparin exposure plays
a major role with a shorter span carrying a lower risk [99]. UFH therapy is more likely
to lead to HIT compared with LMWH [100–103]. Platelet factor 4 (PF4), indeed, forms
oligomers binding multiple UFH oligosaccharides that further share several PF4 tetramers,
leading to the assembly of ultra-large antigenic complexes (ULCs) [60,104,105]. Bovine
heparin may carry a higher risk for HIT compared with porcine heparin [106,107].

HIT is a serious immune mediated adverse reaction to heparin polyanions caused by
pathogenic immunoglobulin G (IgG) antibodies. IgGs bind to complexes of heparin and
PF4, a cationic chemokine stored within platelet alpha granules characterized by a high
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affinity for anionic molecules. These complexes are optimally formed at a stoichiometric
concentration (molar ratio 1:1). Noxae such as major surgery, a CPB and mechanical
circulatory supports (MCSs) (e.g., ECMO and ventricular assist devices (VADs)) can trigger
massive platelet activation and subsequent additional PF4 release [108]. ULCs consequently
cross-link the surface receptors of platelets (FCγIIa) leading to a switch toward a hyper-
aggregative phenotype [19,109,110]. The process promotes a complex cascade of events
involving endothelial cells, immune cells and NETs and coagulation factors and other
circulating molecules [19,109,110].

The mutual effect of pre-existent vascular stress, incessant platelet activation and the
need of profound heparinization make adult cardiac surgery the most prone setting for
HIT occurrence (50% to 70%) [111–114]. Conversely, pediatric patients show lower rates
of seroconversions (0–2%) most likely due to the absence of chronic vascular insults [91].
Despite the recurrence of anti-PF4/heparin antibodies in heart surgery patients, only 2–3%
develop HIT [115]. The detection of antibodies is required to diagnose HIT. In addition to
the low platelet count, the “4 Ts” score is a bedside tool used to estimate the probability of
HIT that improves the specificity of antibody tests in cardiac patients (Table 1) [116].

Table 1. Estimating the pre-test probability of HIT: the “4 Ts”.

“4 Ts” Category 2 Points 1 Point 0 Points

Thrombocytopenia Platelet count fall > 50% AND
platelet nadir ≥ 20 × 109/L

Platelet count fall 30–50% OR platelet
nadir 10–19 × 109/L

Platelet count fall < 30% OR
platelet nadir < 10 × 109/L

Timing of platelet
count fall

Clear onset between days
5–10 OR platelet fall ≤ 1 day

(prior heparin exposure
within 30 days)

Consistent with days 5–10 fall but not
clear; onset after day 10 OR fall
≤ 1 day (prior heparin exposure

30–100 days ago)

Platelet count fall < 4 days
without recent exposure

Thrombosis or other
sequelae

New thrombosis OR skin
necrosis; acute systemic
reaction postintravenous

heparin bolus

Progressive or recurrent thrombosis
or non-necrotizing (erythematous)

skin lesions or suspected thrombosis
(not proven)

None

Other causes for
thrombocytopenia None apparent Possible Definite

Moreover, preoperative evidence of anti-PF4/heparin antibodies is reported in 5% to 22%
of cardiac patients [117]. However, an uncertain prognostic value is attributed to this finding
because of the controversial data about the preoperative positivity to anti-PF4/heparin anti-
bodies and postoperative HIT, thrombosis and an adverse outcome [19,118–121]. Therefore,
routine screening for such antibodies is discouraged (unless clinically evident HIT signs
are manifested or in cases of a history of HIT).

HIT occurrence makes heart surgery a challenging event that can counteract the
results of even the most successful operation. This eventuality should imply the deferral
of any elective procedure until the results of laboratory tests are available. However,
cardiac surgery is a practice in which deferring a procedure is not always a feasible
option. Hence, several alternative strategies exist; pharmacological agents such as direct
thrombin inhibitors (DTIs), factor Xa inhibitors (i.e., fondaparinux) and platelet inhibitors
(i.e., prostaglandins) are plausible options.

Among DTIs, bivalirudin is the most used alternative agent in cardiac surgery showing
a comparable efficiency and similar perioperative morbidity rates with heparin [122,123].
Furthermore, while DTIs are usually monitored by activated partial thromboplastin time
(aPTT), the activated clotting time (ACT) appeared to be reliable in monitoring anticoag-
ulation with bivalirudin during a CPB [121]. Other DTIs such as argatroban and dana-
paroid are not recommended as alternative therapies during a CPB [124,125]. Several
studies have reported bleeding after therapy discontinuation and unexpected thrombosis
(ACT > 500 s) [124,125]. While HIT treatment with either fondaparinux or other molecules
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(i.e., epoprostenol, iloprost) is almost anecdotal [126], off-pump procedures and a plasma ex-
change represent other controversial approaches to minimizing heparin exposure [127–130].

6. Conclusions

Platelet functional or structural alterations are not epiphenomena of the acute reaction
to CPB-assisted cardiac surgery, biological bioprosthesis and ECMO but rather have a major
role in the thread linking hemostasis, inflammation and innate immunity. The multiple di-
rect/indirect mechanisms that regulate this connection are still partially unclear. However,
further studies addressing the pathobiological dynamics concurring to the abovementioned
quantitative (i.e., thrombocytopenia) and qualitative (i.e., platelet activation and a shift
towards a proinflammatory phenotype) platelet derangements in a cardiac surgery setting
and ECLS may provide new insights possibly leading to improved patient outcomes.
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Abstract: Knowledge on heparin-induced thrombocytopenia keeps increasing. Recent progress on
diagnosis and management as well as several discoveries concerning its pathogenesis have been
made. However, many aspects of heparin-induced thrombocytopenia remain partly unknown, and
exact application of these new insights still need to be addressed. This article reviews the main new
concepts in pathogenesis, diagnosis, and management of heparin-induced thrombocytopenia.

Keywords: heparin-induced thrombocytopenia (HIT); new concepts; pathogenesis; diagnosis; man-
agement; immune PF4/heparin/antibody complexes; Bayesian diagnostic thinking; therapeutic
plasma exchange; intravenous immunoglobulins (IVIG)

1. Introduction

Heparin-induced thrombocytopenia (HIT) is a fascinating, complex, and still partially
obscure immunological syndrome. It is associated with a very high prothrombotic risk
and may cause limb and life-threatening complications. Thus, a rapid accurate clinical and
laboratory recognition as well as a prompt and effective management are required. Since
its discovery, knowledge on HIT has been impressively growing, and all fields have been
evolving: from pathogenesis to diagnostic approaches and management. In this review, we
will particularly focus on the most relevant clinical new insights and advances on HIT.

2. Pathophysiology

The pathophysiology of heparin-induced thrombocytopenia (HIT) is complex and far
exceeds simple platelet activation. Its spectrum is broad. Here, we will describe each step
of HIT pathophysiology, beginning with antigen formation, followed by immune reaction
and antibody synthesis, development of a severe prothrombotic state, and ending with
thromboembolism, which has the potential to be life threatening.

2.1. Antigen Formation: Platelet Factor 4-Heparin (PF4/H) Complexes

The HIT antigen is situated on the platelet factor 4 (PF4), a chemokine that is contained
in platelet α-granules. PF4 is not immunogenic in its primary form. Conformational PF4
changes are needed to expose a neo-epitope, which is the HIT antigen. These changes
occur by the formation of complexes between PF4 and negatively charged molecules,
especially heparin and other glycosaminoglycans (GAGs) [1]. The size and the charge of
the complexes play a central role in pathogenicity. These two parameters depend on the
relative amounts of PF4 and heparin. The PF4/heparin complexes are electrostatically
formed by at least 16 PF4 molecules (positively charged) assembled with heparin chains
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(negatively charged) in multimolecular ultralarge complexes (ULCs), which will participate
to platelet activation (see below) [2]. Quantitatively, the maximal amount of these ULCs
is formed at equimolar PF4/heparin ratio [2,3]. Of note, when performing these analyses
in presence of platelets, the ratio has been reported to be 20:1, indicating that, in vivo, a
proportion of the heparin chains could be replaced by endogenous glycosaminoglycans
in the glycocalyx of the cell surface [4]. Importantly and compared to unfractionated
heparin (UFH), far fewer ULCs are formed with low molecular weight heparins (LMWH),
and none with fondaparinux [2], because heparin chains with at least 12 saccharides are
necessary to form ULCs [2,5]. This explains the lower risk to develop HIT with LMWH.
Qualitatively, the immunogenicity of the complexes depends on their net charge and not
their size. A positive net charge facilitates the interaction with immune cells [3]. Therefore,
the highest immunogenicity is reached when PF4—in absence of platelets (see above)—is
in excess and at a molar PF4/heparin ratio of 20/1 [3]. Of note, these mechanisms explain
why fondaparinux is immunogenic but only rarely has been reported as a cause HIT [6].
Similarly, the immunogenicity of a high PF4/heparin ratio also explains the high incidence
of HIT in patients with high amounts of circulating PF4 (e.g., orthopedic and vascular
surgery) and prophylactic doses of UFH.

2.2. Anti-PF4/H Antibodies Synthesis

Innate and adaptive humoral and cellular reactions lead to anti-PF4/H antibodies
synthesis. Briefly, once formed, ULCs activate complement, leading to the deposition of
C3/C4 on the complexes. This allows their binding to cluster of differentiation 21 (CD21,
the complement receptor 2) on B cells, which facilitates their activation, antigen transport to
secondary lymphoid follicles, and antigen transfer. This culminates in an adaptive humoral
immune response and anti-PF4/H antibodies production [7].

2.3. Antigen Formation on the Platelet Surface and Platelet Activation

The antigenic complex formation occurs on the platelet surface in a dynamic and
potentially reversible manner. In presence of PF4, increasing heparin initially leads to an
increasing antigen-complex size. HIT antibodies will then bind to these ULCs [8]. With
further increase, heparin would then displace PF4 from the platelet surface and diminish
the size of the antigen-complexes, thus decreasing their capacity to activate platelets [8].
The antigen–antibody binding on the platelet surface induces platelet activation via FcγRIIa
(CD32, the low affinity IgG receptor) and leads to platelet degranulation and aggregation.
Degranulation increases the available PF4 concentration for further antigen-complex for-
mation [9,10]. Besides these “classical” platelet activation endpoints, platelet activation
also induces the production of procoagulant platelets and platelet-derived procoagulant
microparticles [11], dramatically enhancing thrombin generation. Moreover, in presence of
an excess of PF4, further cells, including monocytes, endothelial cells, and neutrophils, can
be recruited. The interactions and roles of these cells are summed up below and graphically
presented in Figure 1.

2.4. Other Cells Beyond Platelets Involved in HIT Prothrombotic State
2.4.1. Monocytes

Monocytes participate in HIT hypercoagulability. Indeed, PF4 binds monocytes with
a higher affinity than platelets. This is due to the different GAGs proportion in their
glycocalyx and to a variable PF4 affinity for the different GAGs. Indeed, PF4 binds with
decreasing intensity to heparin, heparan sulfate, dermatan sulfate, chondroitin-6-sulfate,
and chondroitin-4-sulfate [12]. This facilitates the binding of HIT antibodies [13–16], which
appears to be optimal in absence of heparin [13]. This could be due to the higher availability
of PF4, which is not bound by heparin. The formation of antibody/antigen complexes on
the monocyte surface leads to their activation [15], inducing (i) secretion of IL-8 [13] and
surface expression of tissue factor (TF) [13,16] and (ii production of tissue-factor expressing
microparticles (TF-MPs) [13]. TF expression seems to depend on FcγRIIa [16], while the
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de novo synthesis and production of TF-MPs appears to depend on FcγRI [13]. Moreover,
monocyte activation leads to their glycocalyx sulfation, which induces a higher affinity
for PF4 binding, thus sustaining an amplification loop [14]. These changes provoke a
procoagulant activity of the monocytes [17], culminating in thrombin generation. The
generated thrombin will in turn activate platelets in other amplification loops leading to
procoagulant platelets due to platelet co-activation via FcγRIIa [18], whose downstream
signaling is similar to that observed upon glycoprotein (GP) VI engagement [19]. Of note,
monocyte activation can also occur via P-selectin expressed on platelets [20]. To summarize,
monocytes are activated by antigen/antibody HIT complexes, which lead to thrombin
generation via TF expression and TF-MPs production.

Figure 1. Pathophysiology of HIT. Platelets are activated by ultralarge complexes (ULCs) of PF4 and heparin via FcγRIIa.
The activation leads to PF4 release, aggregation, P-selectin expression, and to production of procoagulant microparticles.
After platelet activation, PF4 is in excess compared to heparin and can bind to endogenous glycosaminoglycans (GAG)
on endothelial cells, monocytes, and neutrophils. Complexes of PF4 and GAG are recognized by HIT antibodies with
consecutive activation of the cells. The activation of monocytes and endothelial cells leads to thrombin generation via
expression of tissue factor (TF) and microparticles with TF (TF-MP), with further activation of platelets, creating a positive
feedback loop. Moreover, the activation of endothelial cells leads to von Willebrand factor (VWF) secretion, on which PF4
binds, creating a Fc-rich surface, which leads to further activation of platelets. Activation of neutrophils leads to NETosis
offering a Fc-rich surface with further activation of platelets and supporting thrombin generation (see text).

2.4.2. Endothelial Cells

HIT antibodies bind to PF4 on endothelial cells as well [21,22], possibly via the F(ab)
region of the antibodies [22]. This binding, which seems to be preferentially directed
towards microvascular endothelial cells, requires an endothelial preactivation, possibly
caused by TNFα released during platelet activation [22]. Because PF4 is required, the
primary step remains platelet activation and degranulation. This leads to the required
high PF4 concentrations that exceed the PF4-neutralization capacity of heparin. In pres-
ence of vascular lesions, PF4 could mainly bind to endothelial cells [23], and these lesions
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could be the preferred sites for thrombosis development in HIT [24]. The formation of
antigen–antibody complexes on the cell surface induces additional endothelial injuries and
activation [21,22,25], which leads to the expression of TF [21] and adhesion molecules [22]
and to changes in the glycocalyx of the endothelial cells. Indeed, injured endothelial cells
seem to release thrombomodulin [22,25], which could lead to locally decreased anticoagu-
lant potential. Of note, the binding of PF4 could be more intense on injured endothelial
cells [23], despite loss of negative charges. This could indicate the existence of a high-affinity
PF4-binding site being unveiled and inducing a positive feedback loop with increased
formation of immune complexes and sensitization of neighbor endothelial cells [23].

Moreover, PF4 could bind to extended strings of von Willebrand factor, which have
been released from activated or injured endothelial cells, consecutively exposing the HIT
antigen on bound PF molecules [26]. This is recognized by HIT antibodies leading to
the formation of a IgG Fc-rich network with complement activation and activation of
additional cells.

2.4.3. Neutrophils

Neutrophils are thought to play an essential role in HIT hypercoagulability and in
thrombosis development. They are activated by P-selectin on platelets and via FcγRIIa [27]
by anti-PF4/H antibodies and heparin immune complexes formed on their surface, which
are bound to chondroitin sulfate [28]. This induces neutrophil extracellular traps (NET) for-
mation and release (NETosis). NETs participate in the hypercoagulability in HIT. First, they
can bind to PF4, developing a surface rich in fragment crystallizable regions (Fc-domain)
and an amplification loop [29]. Second, they are thought to be essential for thrombosis
development [27], via their procoagulant activities, in particular direct activation of the
contact phase of thrombin generation.

2.5. HIT, A Side Effect of an Immune Mechanism?

PF4 and anti-PF4/polyanion antibodies could play a physiologic role in the host
immune defense, particularly against Gram-negative bacterial infections. Indeed, bacteria
can activate platelets, leading to degranulation and release of PF4 and polyphosphates. PF4
and polyphosphates can successively bind on lipid A on Gram-negative bacteria [30–32],
leading to opsonization of bacteria by anti-PF4/polyanion antibodies, enabling better host
defense against infection. The formation of anti-PF4/heparin antibodies would therefore
be a pathological molecular-mimicry activation of a physiologic mechanism.

2.6. Importance of Specific Gene Polymorphisms

As widely known, not all patients developing HIT antibodies develop HIT, and not
all patients with HIT develop thromboembolic complications. The mechanisms underlying
these variable responses are not completely understood. However, specific gene polymor-
phisms could be involved, especially in the risk to develop thromboembolic complications
in HIT. Indeed, an association between the polymorphism of FcγRIIIA 158VV [30] and
occurrence of HIT and between the polymorphism of FcγRIIA 131R and thromboem-
bolic complications in HIT [31–33] has been observed in different studies. Further genetic
polymorphisms could be identified in the future, explaining the different responses to
HIT antibodies.

2.7. HIT without Heparin

Heparin is the most frequent negatively charged molecule that induces HIT. How-
ever, some patients develop symptoms and signs of HIT without exposition to heparin,
especially after orthopedic surgery, which is known as spontaneous or autoimmune HIT
(aHIT) [34–38]. This could be due to the presence of others polyanions that can induce
“HIT”. This is the case for chondroitin sulfate [39,40], polyphosphates [41], nucleic acid [42],
or bacterial components [43]. A brief comparison between classical HIT and aHIT is pre-
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sented in Table 1. For further details on aHIT, we refer the reader to the excellent review of
Greinacher, Selleng, and Warkentin [44].

Table 1. Comparison of classical and autoimmune HIT.

Classical HIT Autoimmune HIT

Antigen
Neoepitope on PF4, revealed by a conformational change due to

binding to a negatively-charged surface

Negatively-charged
molecule

Heparin
Other polyanions: chondroitin

sulfate, polyphosphates, nucleic
acid, bacterial components

Pathogenesis Similar (see text: part 1a–d)

Therapy
Heparin avoidance,

alternative non-heparin
anticoagulation

Intravenous immunoglobulins
(IVIG), plasmapheresis

To summarize, HIT is a complex immune-mediated pathology. Its mechanisms depend
on the concentrations of PF4 and heparin, particularly their ratio to each other and involve
platelets, monocytes, endothelial cells, and neutrophils as well. The activation of these cells
induces, besides thrombocytopenia, a coagulation cascade activation leading to a severe
hypercoagulant state.

3. Diagnostic Approach

Making a correct and rapid diagnosis of HIT is challenging and of utmost impor-
tance [45]. It requires the association of clinical parameters to estimate the pre-test proba-
bility and laboratory assays to confirm or infirm the diagnosis [46].

3.1. Clinical Pre-Test Probability

At the bedside, the cornerstones are thinking of HIT when appropriate (e.g., fall in
platelet count, thrombosis despite heparin anticoagulation) and subsequently assess the
clinical pre-test probability of HIT with validated clinical scores. To do so, the 4T score
(thrombocytopenia, timing, thrombosis, other causes of thrombocytopenia; 0–8 points) has
been developed [47], and its use is currently recommended by the American Society of
Hematology (ASH) [48]. The HEP score is a more recent clinical score [49]. Compared
to the 4T score, it showed a higher specificity among ICU patients [50]. However, it still
needs broader implementation studies and is not yet recommended [48,50]. The clinical
probability can rule out HIT or establish the indication for laboratory testing. Currently, it
is considered that a low (0–3 points) 4T score can rule out HIT, while an intermediate (4–5)
or high (6–8) score requires laboratory testing [48]. However, different studies observed
HIT cases despite low 4T scores, which raised concern about ruling out HIT among patients
with a 4T score of 3 [51–54].

3.2. Laboratory Work-Up

Different types of laboratory assays exist. In this review, we will focus on two platelet-
activation assays (i.e., the serotonin-release assay (SRA) and the heparin-induced platelet
aggregation test (HIPA)), on some broadly available immunoassays (IA) for HIT, and on
emerging diagnostic strategies.

3.2.1. Platelet-Activation Assays: The Gold Standard for HIT

Two platelet-activation assays using donor washed platelets are considered as diag-
nostic gold standards for HIT [55]. These assays are considered to be functional because
they detect heparin-dependent platelet activation by either aggregation (HIPA) or degran-
ulation and release of serotonin (SRA) when the patient’s plasma, possibly containing
anti-PF4/heparin platelet-activating antibodies, is added in presence of pharmacological
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concentrations of heparin. However, these assays are technically demanding, time consum-
ing, and unavailable for many hospitals, which delays definitive diagnostic work-up and
optimal management [52]. As a consequence, their use is currently only recommended
after a first clinical-biological work-up, namely among patients with intermediate and/or
high clinical suspicion (i.e., 4T score > 3 points) and a positive IA [48]. Moreover, recent
studies described the possibility of false-negative functional assays [52,56,57]. Ticagrelor
can induce false negative HIPA among HIT patients, and other anti-platelet drugs might
also cause false negative HIT functional assays [56]. Another mechanism is the novel
concept of seroconversion preceding functional positivity in vitro [58]. To address this lack
of sensitivity, several methods to avoid false-negative functional assays have been reported,
but not validated by a dedicated study: (i) removing/inhibiting antiplatelet agents in the
first case and (ii) performing a PF4-enhanced assay (PF4-SRA) [59,60] when suspecting
the second case, although this approach could lead to false positive results [56–58,61].
Although such methods increase the performances of the gold standards functional assays,
HIPA and SRA, false negative-negative results are still possible. Therefore, when the 4T
score is high and the IA are strongly positive, HIT should still be considered despite a
negative functional assay [45,48]. Apart from the SRA and the HIPA assays, many other
platelet-activating assays have been developed, and for a more detailed review on this
topic, we refer to the recent review of Tardy et al. [62].

3.2.2. Immunoassays (IA): Rapid and Broadly Available Alternatives

Many laboratory techniques detecting anti-PF4/heparin antibodies exist.

The Classical IA

Enzyme-linked immunosorbent assays (ELISA) were the first wide available tech-
niques [46]. They are nowadays still broadly used, and the ASH guidelines recommend
their use as first-line laboratory test [48]. They are recognized to be highly sensitive (i.e.,
allow to accurately rule out HIT), but unspecific (i.e., leading to false-positive results and
unnecessary non-heparin anticoagulation while awaiting the definitive result of a func-
tional assay or for long course) [46,58]. Recently, Warkentin et al. highlighted that ELISA
are not considered as rapid immunoassays anymore [58]. In addition, they underscored the
original observation of Lindhoff-Last [58], that IgG-specific ELISA are more specific without
being less sensitive for HIT, echoing a communication of the scientific and standardization
committee of the International Society on Thrombosis and Haemostasis (ISTH) [63] in
favor of use of IgG-specific immunoassays [58]. In a review published in 2017, Arepally
also underscored that anti-PF4/H IgG antibodies are the most relevant isotype for HIT
pathogenesis, IgA and IgM contribution to HIT being subordinate [46].

Other “Rapid” IA

Many other techniques detecting anti-PF4/H antibodies have been developed and
studied. In 2016, two very relevant meta-analyses about rapid IA for HIT were pub-
lished. Nagler et al. identified five tests as highly sensitive and specific for HIT, namely the
polyspecific ELISA with an intermediate threshold (Genetic Testing Institute, Asserachrom),
particle-gel immunoassay (PaGIA), lateral flow immunoassay (LFIA), polyspecific chemi-
luminescent immunoassay (CLIA) with a high threshold, and IgG-specific CLIA with a
low threshold [64]. Sun et al. reached the conclusion that PaGIA, IgG-specific CLIA, and
LFIA showed excellent sensitivity and specificity [65].

Emerging Diagnostic Strategies

Moreover, both meta-analyses highlighted that combining results of some of the
different aforementioned rapid IA might improve diagnostic performance for HIT and thus
further improve care in patients with suspected HIT. Additionally, Sun et al. highlighted
that combining clinical assessment (i.e., pre-test probability) with rapid immunoassays
in a Bayesian approach was likely to be the most powerful way to estimate an overall
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likelihood of HIT in real-world clinical practice [64,65]. In 2018, the ASH guidelines
identified “integration of emerging rapid immuno-assays into diagnostic algorithms” as a
pressing research priority [48].

Regarding the Bayesian diagnostic approach, Nellen et al. showed in 2012 for the first
time ever that the combination of clinical pre-test probability (assessed by the 4T score)
with the quantitative result of a rapid immunoassay detecting anti-PF4/heparin antibodies
was valuable not only for excluding [66], but also for predicting a positive heparin-induced
platelet aggregation test, i.e., for diagnosing HIT rapidly [51]. Other groups confirmed
that a Bayesian diagnostic approach for HIT that combines clinical probability assessed
with validated scores with rapid immunoassay results was a promising approach towards
improvement of HIT diagnostic work-up, especially when semi-quantitative immunoassay
results were used [53,54,67,68].

Recently, two groups described diagnostic approaches that combine two rapid im-
munoassays. Our group developed and prospectively validated a Bayesian diagnostic
algorithm (the “Lausanne algorithm”) based on the 4T score and the combination of
IgG-specific CLIA and PaGIA that correctly classifies >95% of patients within a 60 min lab-
oratory work-up time [52]. This algorithm was recognized by Cuker and Cines to perform
better than the ASH algorithm, correctly classifying “all patients with HIT and 95.4% of
patients without HIT, whereas the ASH algorithm correctly classified only 91.1% of the
patients with HIT and 93.2% of patients without HIT” [45]. Warkentin et al. described a
diagnostic laboratory scoring system (0–6 points) based on the combination of IgG-specific
CLIA and latex immunoturbidimetric assay (LIA) that reached a 99% sensitivity when
both assays (CLIA and LIA negative threshold <1.0 U/mL) were negative and a positive
predictive value for platelet-activating antibodies (i.e., positive SRA or PF4-SRA) of 97.1%
for scores ≥5 points [69]. Of particular relevant note, these diagnostic approaches use the
PaGIA and the IgG-specific CLIA or the LIA as rapid IAs. Thus, integrating other IAs in
such Bayesian approaches that combine two rapid IAs still needs to be studied.

4. Management of Acute HIT

As described previously, HIT is a complex and severe prothrombotic state. Briefly,
current cornerstones of HIT management are (i) immediate cessation of any heparin ad-
ministration and (ii) introduction of non-heparin therapeutic anticoagulation, such as
argatroban or bivalirudin (direct parenteral thrombin inhibitors), or danaparoid or fonda-
parinux (indirect parenteral factor Xa inhibitors) [48]. Recently, direct oral anticoagulants
(DOACs) are emerging as an alternative in acute HIT or HIT with thrombosis, but the data
on their use remain very limited [70]. For a detailed review and updated recommendation
on the use and monitoring of these different non-heparin anticoagulants, we refer the
interested readers to Table 2 and a recent comprehensive article [70]. In the present review,
we will focus on other emerging and second-line management strategies in HIT that either
directly target platelet-activating anti-PF4/heparin antibodies or inhibit antibody-mediated
platelet activation (Table 3).

Table 2. Key information on alternative parenteral non-heparin anticoagulants (adapted from [70]).

Argatroban Bivalirudin Danaparoid Fondaparinux

Mechanism of action Direct thrombin inhibitor Direct thrombin inhibitor
Indirect factor Xa inhibitor

(mediated by
antithrombin)

Indirect factor Xa inhibitor
(mediated by
antithrombin)

Half-life 45 min 25 min 19–25 h 17–21 h

Route of administration IV IV IV/SC SC

Main elimination pathway Hepatobiliary Proteolytic (80%) and
renal (20%) Renal Renal

Monitoring Calibrated diluted
anti-factor IIa assay

Calibrated diluted
anti-factor IIa assay

Calibrated anti-factor Xa
assay

Calibrated anti-factor Xa
assay

Legend: IV, intravenous, SC, subcutaneous.
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Table 3. Key information on second-line treatments of HIT.

Therapeutic
Plasmapheresis (TPE)

Intravenous
Immunoglobulins

(IVIG)
Cangrelor IdeS (Imlifidase)

Rationale Removal of
pathological antibodies

Binding of pathological
antibodies

Rapid-acting, reversible
platelet inhibitor

Endopeptidase
specifically cleaving

IgG antibodies

Dose and
mode/frequency of

administration

A single TPE removes
about 2/3 of the

HIT-antibodies [71].
Exact number of TPE

and duration of action
unknown [72,73]

1 g/kg/day IV for
2 consecutive days. NB:

use calculated
dosing-weight among

obese patients [74]

30 μg/kg IV bolus,
followed by 4 μg/kg IV

infusion [75,76]

0.24–0.5 mg/kg [77,78].
NB: Appropriate
dosage has to be

established in HIT

Indications

1. Acute HIT or
positive functional
assay + immediate

cardiovascular surgery
with heparin [48]

2. Alternative
anticoagulation

contraindicated [73,79]
3. Clinical course

worsening despite
non-heparin

anticoagulation [72]

1. Clinical course
worsening despite

non-heparin
anticoagulation [74,80]

2. aHIT [74,80]
3. Alternative

anticoagulation
contraindicated

Cardiovascular surgery
when anti-PF4/heparin

are present and
intraoperative heparin

use is mandatory
[76,81,82]

To date, no clear
indication

Pros

Effective for managing
HIT in many

conditions, regional
anticoagulation

possible

Favorable experience,
especially in patients
with refractory HIT

and aHIT [74,80]

Favorable experience
with this treatment

Promising results in
mice HIT model [77]

and kidney transplant
patients [78]

Cons

Cost; infectious,
metabolic

complications;
difficulty in predicting

how often and how
long to perform [72,73]

Adjunctive to
anticoagulation, high
cost, standard dose

insufficient in
severe cases

Cost; efficacy to be
assessed for each

patient with a
functional assay before

its use [82]

Not yet studied in HIT
patients

Legend: aHIT, autoimmune HIT; IV, intravenous. For more details, please refer to the text and to the cited references.

4.1. Therapeutic Plasmapheresis (TPE)

Experience with TPE in patients with HIT remains limited, as underscored in 2018
by Cho et al. who performed a national survey (USA) of academic apheresis services
regarding practices in managing patients with HIT and found only 15.4% of respondents
reporting having performed TPE on patients with HIT during the past year [83].

To date, case reports are the major source of evidence. Additionally, although a
single TPE removes about two-thirds of the HIT antibodies [71], the exact number of
required plasma exchanges in order to effectively lower the plasmatic HIT antibodies
concentration and the duration of action of TPE due to mobilization of the extravascular
antibody compartment remain unknown and difficult to predict. Thus, TPE is probably
best guided by biological monitoring [72,73].

TPE has been described as an effective option for managing HIT in three particular
situations [72]. First, pre/perioperative plasmapheresis along with intraoperative heparin
anticoagulation is one of the three management options for patients with acute HIT or
persisting positive functional assay and anti-PF4/H antibodies who require immediate
cardiovascular surgery [48]. When doing so, sensitive functional platelet aggregation assays
are best suited to determine readiness for heparin re-exposure [84]. The second situation is
when non-heparin anticoagulation is contraindicated because of a major bleeding event,
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such as intracerebral hemorrhage (ICH) [79]. The third situation is when HIT clinical
and biological course worsens/does not improve under well-conducted non-heparin
anticoagulation (i.e., refractory HIT). For further details, we refer the reader to the recent
excellent review of Onuoha et al. [72].

4.2. Intravenous Immunoglobulin (IVIG)

In the latest guidelines on HIT management, elucidation of the role of IVIG treatment
in acute HIT has been defined as a key research priority for the management of HIT [48].

Regarding safety of IVIG use, a consensus of 15 Canadian hematologists stated in
2007 that IVIG were contraindicated for treatment of HIT because of a potential increased
thrombotic risk [85]. However, in their recent study, Dhakal et al. found no increased
risk for arterial or venous thrombosis incidence among patients with HIT treated with
IVIG [86].

In clinical practice, many groups have reported favorable experience with this treat-
ment, especially in patients with refractory HIT [72,87]. Recently, Warkentin underscored
IVIG use as an adjunctive treatment, especially when thrombocytopenia persists in the set-
ting of auto-immune HIT (aHIT) [74]. Briefly, aHIT is a subgroup of HIT including different
disorders and is characterized by in vivo and in vitro heparin-dependent and heparin-
independent platelet-activating antibodies. Because of high-titer, heparin-independent,
platelet-activating antibodies, clinical course of aHIT is often severe and characterized by
worsening or persisting HIT, even after beginning an alternative anticoagulation [74]. For
a detailed clinical and biological description of aHIT, we refer to the excellent review of
Greinacher, Selleng, and Warkentin [44].

Interestingly and in relationship with elements discussed above, in vitro IVIG have
been shown to preferentially inhibit heparin-independent platelet-activating antibodies,
explaining thus the rationale of their use in aHIT and/or refractory HIT [74]. Even if their
exact mechanism of action remains unknown, they are believed to inhibit platelet (and
other cells, see above) activation through FcγRIIa receptors [88].

4.3. New Insights of the Translational Research: The Quest for Inhibiting FcγRIIa-Mediated
Platelet Activation

A chimeric anti-PF4/H antibody composed of a mouse IgG1 and a human Fc fragment
was developed, namely the 5B9. It was obtained after immunization of transgenic mice
with heparin and purified human PF4. 5B9 was proven to (i) induce platelet degranulation
and release of serotonin when added in whole blood of healthy donors containing UFH
(i.e., result in a positive SRA) and (ii) induce thrombocytopenia and thrombin generation
when administered with UFH to another species of transgenic mice expressing human
FcγRIIa and PF4 (i.e., cause HIT). Thus, 5B9 was described to fully mimic the effects of
human HIT antibodies [89].

One emerging and appealing option that still needs further study is the IgG-degrading
enzyme of Streptococcus pyogenes (IdeS), which cleaves a region that is critical in the in-
teraction of IgG with FcγRIIa and thus disables platelet activation via this pathway [77].
Kizlik-Masson showed in vitro that IdeS selectively prevented platelet activation in the
presence of heparin and 5B9 or human anti-PF4/heparin platelet-activating IgG antibodies
without altering platelet aggregation induced by ADP and/or collagen. Moreover, the
same group showed in vivo that IdeS prevented thrombocytopenia and thrombin acti-
vation (i.e., HIT) when 5B9 and UFH were administered to transgenic mice expressing
human FcγRIIa and PF4 [77]. Summarizing, IdeS has already been studied in different mice
models (immune thrombocytopenia, IgG-dependent glomerulonephritis, IgG-dependent
arthritis, IgG-HIT models) showing promising effects [77]. Thus, in the field of HIT, IdeS is
a promising emerging novel tool that might expand the available therapeutic arsenal.

5. Management of Patients Requiring Cardiovascular Surgery

On the one hand, according to Selleng et al. [90] and Warkentin et al. [91], anticoagula-
tion with unfractionated heparin (UFH) for patients undergoing cardiac surgery in patients
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with a history of HIT is safe and effective, if circulating anti-PF4/heparin antibodies are
no longer detectable [90–92]. On the other hand, management of patients requiring car-
diovascular surgery and who have either (i) acute HIT, (ii) persisting positive functional
assay and anti-PF4/heparin antibodies, or iii) negative functional assay, but persisting anti-
PF4/heparin antibodies, is very challenging because the perioperative balance between
both thrombotic and bleeding risk is fragile and can lead to fatal complications.

5.1. Patients with Acute HIT or Persisting Positive Functional Assay and
Anti-PF4/Heparin Antibodies

To date, the ASH recommends delaying cardiovascular surgery among these patients.
Because of a low level of evidence, there are only suggestions for management strategies in
patients requiring immediate cardiovascular surgery [48].

The three main management options in these patients are (i) alternative intraoperative
anticoagulation with bivalirudin, (ii) intraoperative anticoagulation with heparin and
simultaneous antiaggregation with a potent platelet inhibitor (iloprost or tirofiban), or (iii)
intraoperative anticoagulation with heparin and peri-operative plasma exchanges (see
above) [48].

Bivalirudin is considered a safe alternative option for intraoperative anticoagula-
tion in patients who undergo cardiovascular surgery when the interdisciplinary team is
experienced and familiar with this technique, in particular avoiding blood stasis in the
extracorporeal circuit and monitoring bivalirudin [93].

Alternatively, anticoagulation with intraoperative heparin and simultaneous short-
acting and reversible anti-aggregation seems to be a valid strategy. In this context, apart
from tirofiban (GP IIb/IIIa receptor blocker, half-life of 1.4 to 2.2 h, dependent on renal
function) [94] and iloprost (synthetic analogue of epoprostenol PGI2 inhibiting platelet
aggregation, adhesion and release reaction, half-life of 30 min) [95], cangrelor is a recent,
potent, rapid-acting and reversible ADP receptor P2Y12 inhibitor with a very short half-life
of 3–6 min [75]. Its use has been reported to be successful by different groups [81,96].
However, Scala et al. observed that cangrelor unreliably inhibits heparin-induced platelet
aggregation in vitro when anti-PF4/heparin platelet-activating antibodies are present, con-
cluding that cangrelor should not be used for HIT patients undergoing cardiac surgery
unless its efficacy was confirmed in a particular patient with a presurgery negative ag-
gregation test [82]. Cangrelor has a theoretical optimal profile (potent P2Y12 antagonist,
rapid and very short-acting, reversible), but it needs to be further studied before being
recommended or advised against.

A novel approach with limited published experience thus far is the use of IVIG to
prevent HIT antibodies activating platelets and other cells as well (see above), possibly
combined with additional cangrelor, in order to perform cardiovascular surgery with
heparin [93].

5.2. Patients with Negative Functional Assay and Persisting Anti-PF4/Heparin Antibodies

To date, the ASH recommends with low level of evidence to favor intraoperative
heparin for these patients on the basis of a few cases series [48,90,91]. However, SRA may
not be sensitive enough to rule out the presence of pathogenic antibodies before cardiac
surgery. Indeed, PF4-enhanced SRA has been described to be more sensitive than SRA,
and since cardiac surgery induces a burst in PF4 plasma concentration, elevated intraoper-
ative PF4 plasma concentrations might result in a positive SRA, mimicking thus in vivo a
PF4-enhanced SRA [97]. HIT recurrence among patients with persisting anti-PF4/heparin
antibodies who receive a single heparin dose is possible, especially if antibodies levels are
high [98] and close medical and platelet follow-up is essential. Scala et al. reported the
successful use of intraoperative heparin and simultaneous cangrelor in a patient with initial
negative functional assay and persisting anti-PF4/heparin antibodies. They observed
subsequent anti-PF4/heparin antibodies rise and positive functional assay seroconver-
sion, concluding that even a short heparin administration (<90 min) induced boosting of
clinically relevant anti-PF4/heparin antibodies. For similar patients, Scala et al. [76] and
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Warkentin et al. [91] underscored that (i) postoperative monitoring of platelet counts [76,91]
and anti-PF4/heparin antibodies [76] is mandatory, even after single intraoperative heparin
exposition [76,91], (ii) performing a functional assay is necessary when anti-PF4/heparin
antibodies rise and/or platelet count decreases [76,91], and (iii) a platelet fall [76,91] or
increase in D-dimers [76] must be considered as presumptive recurrent HIT and requires,
thus, beginning of non-heparin anticoagulation [76,91]. It remains to be verified whether
the administration of IVIG in this context may modulate HIT antibodies boosting [93].

6. Conclusions

In this review, we described novel insights in the pathophysiology of HIT, recent
improvements for the accuracy and speed of its diagnostic work-up, as well as new
concepts for its management.

The current model of HIT is that of a multi-step immune pathology in response to
the simultaneous exposition to an endogenous (i.e., PF4) and an exogenous molecule
(i.e., heparin), at specific molar ratios. Moreover, the importance of platelets has been
well known for years, but the central roles of other cells (monocytes, endothelial cells,
and neutrophils) and specific receptors have only been recognized a few years ago. The
comprehension of the pathophysiology of HIT is key to improve the therapeutic arsenal
and the management of patients. This is well shown by the opportunity offered by IVIG
and IdeS and their inhibitory effects in the interaction of IgG and FcγRIIa. A further and
more precise comprehension of the pathophysiology could allow to develop more specific
therapy for HIT.

Clinically, the work-up of HIT has improved in the past few years with the emergence
of rapid and accurate diagnostic algorithms combining clinical parameters (4T score) and
rapid quantitative laboratory assays. It is now possible to rapidly and accurately rule in or
out HIT. This drastically improves the management of patients with HIT suspicion.

In conclusion, our knowledge about HIT is rapidly improving, which leads to a better
management of this pathology and a better prognosis for patients.
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Abstract: Immune thrombocytopenia (ITP) is an autoimmune disorder defined by a significantly
reduced number of platelets in blood circulation. Due to low levels of platelets, ITP is associated with
frequent bruising and bleeding. Current evidence suggests that low platelet counts in ITP are the
result of multiple factors, including impaired thrombopoiesis and variations in immune response
leading to platelet destruction during pathological conditions. Patient outcomes as well as clinic
presentation of the disease have largely been shown to be case-specific, hinting towards ITP rather
being a group of clinical conditions sharing common symptoms. The most frequent characteristics
include dysfunction in primary haemostasis and loss of immune tolerance towards platelet as well
as megakaryocyte antigens. This heterogeneity in patient population and characteristics make it
challenging for the clinicians to choose appropriate therapeutic regimen. Therefore, it is vital to
understand the pathomechanisms behind the disease and to consider various factors including patient
age, platelet count levels, co-morbidities and patient preferences before initiating therapy. This review
summarizes recent developments in the pathophysiology of ITP and provides a comprehensive
overview of current therapeutic strategies as well as potential future drugs for the management
of ITP.

Keywords: immune thrombocytopenia; bleeding; platelets; platelet destruction; immune tolerance;
megakaryocytes; ITP treatment

1. Introduction

Primary immune thrombocytopenia (ITP) is a haematological autoimmune disorder
characterised by bleeding and a low platelet count of less than 100 × 109/L [1–4]. There are
several factors contributing to the onset of ITP, and the exact mechanisms behind how
host immune response turns against own system (autoimmunity) and leads to ITP are
still incompletely understood. There is growing evidence suggesting that the main event
during ITP is a misbalanced interaction between effectors and regulatory immune cells [5].
This lack of an equitable response leads to a distorted immune tolerance, resulting in
increased platelet clearance by immune cells, as well as an impairment in thrombopoiesis.
Earlier studies suggested that a low platelet count is largely a consequence of anti-platelet
antibodies opsonizing the cells and hence an increased clearance from the circulation [6–8].
However, lately, it has been demonstrated by many researchers that cytotoxic T cells also
play a vital role in ITP pathomechanism by impairing megakaryopoiesis.

During ITP, it has been observed that although brief, spontaneous remissions can
occur frequently in children. On the other hand, adult patients rather display a more
chronic form of ITP that correlates with significant clinical presentations including bleed-
ing disorders, haemorrhages in skin or mucous membranes, namely purpura, petechiae
and rarely intracranial manifestations of the disease [9,10]. Treatment strategies for ITP
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are mostly prescribed on the basis of clinical symptoms of the patients with a focus on
reducing the risk of severe bleeding, and they do not essentially include the boosting of
platelet numbers. As per the guidelines of International Working Group [2,11], patients
with acute ITP and without a history suggesting severe bleeding risk are advised to be
managed with observation strategy (wait and see). On the other hand, ITP patients require
urgent treatment if they are prone to a higher risk of bleeding or carry a severe case of
chronic thrombocytopenia.

In this review, we discuss the pathomechanisms that lead to platelet destruction in
ITP with a particular focus on recent findings regarding various diversifications during
thrombopoiesis. Furthermore, we will provide a broad overview regarding various man-
agement strategies of ITP patients. We also outline different treatment options including
efficacy and safety of therapeutic medicaments, management of bleeding emergencies as
well as a summary of different approved drugs as well as drugs under clinical trials for
ITP treatment.

2. Pathophysiology of ITP

One of the crucial steps during pathophysiology of ITP is described as the loss of
immunological tolerance to autoantigens on patient’s own platelets [12]. Many studies
demonstrate that during ITP, a dysregulated T-cell response leads to a distorted balance
of helper T cells (Th1/Th2) ratio [13,14], and imbalance further leads to an enhanced
number as well as hyperactivity of cytotoxic T cells. Subsequently, this enhanced activity
of cytotoxic T cells results in an increase in platelet destruction, combined with improved
survival of B cells. An enhanced survival rate of B cells hence facilitates a larger production
of autoantibodies, leading to an accelerated rate of platelet clearance. Autoantibodies
opsonize platelets leading to enhanced phagocytosis, apoptosis, complement activation
and impaired thrombopoiesis [15–17] (Figure 1).

 

Figure 1. Graphical representation of the pathophysiology of immune thrombocytopenia (ITP) illustrating involvement
of multiple immune cells. Impairment of regulatory T cells leads to a disruption in regulation of helper T cell-mediated
activation of B cells. B cells in turn produce autoantibodies in abundance leading to opsonisation, phagocytosis and
complement activation, desialylation and finally destruction of platelets. Autoantibodies further hinder megakaryocyte
maturation (megakaryocytopoiesis), and autoreactive cytotoxic T cells destroy megakaryocytes and platelets. (Adapted
from Kashiwagi et al. 2013 [18]).
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Although platelet destruction in the spleen primarily involves constant fragment
(Fc)-dependent mechanisms, various researchers have also described novel mechanisms
independent of Fc-mediation [19–21]. In a study, it was shown that ITP-autoantibodies
can induce glycan modifications on platelet surface glycoproteins (GPs). Upon further
recognition by Ashwell–Morell receptors which are expressed on hepatocytes, this GPs
modification leads to accelerated platelet clearance in the liver [22]. CD8+ T cells from ITP
patients also induce platelet desialylation and platelet phagocytosis by hepatocytes [23].
This might explain a potential mechanism how splenectomy remains ineffective in some
ITP patients. In an intriguing retrospective study with a cohort of 61 ITP patients, it was
shown that platelet desialylation and subsequent reduction in response to first line of
treatments was independent of any Fc-mediated mechanism [24].

A recent study by Quach and colleagues demonstrated that ITP patients who did not
respond to therapy were more likely to produce autoantibodies against the ligand binding
domain (LBD) of GPlb/lX [25]. This specific binding leads to activation of GPIb/IX via
crosslinking of platelet receptors and unfolding of a mechanosensory domain and platelet
destruction, providing further a pivotal evidence of Fc-independent mechanism [25].
Recently, we demonstrated that novel effector functions of autoantibodies in ITP modulate
the disease and might interfere with the clinical outcome for patients. We showed that a
subgroup of autoantibodies induces cleavage of sialic acid residues from the surface of
human platelets and megakaryocytes during ITP. Furthermore, autoantibody-mediated
desialylation was found to interfere with the cell–extracellular matrix protein interaction
and hence leading to impaired platelet adhesion and megakaryocyte differentiation [26].
This hints towards a potential use of sialidase inhibitors as a treatment approach in combi-
nation with other therapies to boost platelet numbers in some patients who have failed to
respond to previous therapies.

It is well established that intrinsic apoptotic pathway plays a significant role in platelet
life cycle. Many research groups have demonstrated the role of ITP-autoantibodies in
regulating platelet apoptosis and pathways involved. There is ample evidence showing
that various apoptosis markers including phosphatidylserine (PS) exposure, depolarisation
of the mitochondrial transmembrane potential, Bcl-2 family protein expression, activa-
tion of caspase-3 as well as of caspase-9 are significantly involved in platelet apoptosis in
ITP [27,28]. Immunoglobin infusion was shown to successfully mitigate platelet apoptosis
in adult as well as paediatric patients [29,30]. Interestingly, it was shown that apoptotic
platelets were not found in ITP patients harbouring anti-GPIa/IIa autoantibodies but
only in those who carried anti-GPIIb/IIIa and anti-GPIb autoantibodies [31], indicating a
potential role of autoantibody specificity.

Autoantibodies produced during ITP not only affect platelet survival but also platelet
formation by megakaryocytes [32]. It has been shown that autoantibodies bind and
hinder the megakaryocyte maturation, resulting in reduced platelet formation [33,34].
It was demonstrated in vitro, that autoantibodies inhibit platelet production by impairing
megakaryopoiesis and maturation [35–37]. However, the role of megakaryocyte apop-
tosis still needs to be investigated in terms of involvement in the pathophysiology of
ITP. There have been some hints and contradicting claims through results generated via
earlier and recent investigations. A study in fact demonstrated that treatment with ITP
plasma rather leads to a reduced apoptosis of megakaryocytes [38]. Haematopoietic stem
cells (HSCs) isolated from healthy umbilical cord blood were co-cultured with plasma
of ITP patients, resulting into a decrease in apoptosis, reduced expression of tumour
necrosis factor-related apoptosis inducing ligand (TRAIL) and increased expression of the
anti-apoptotic protein Bcl-xL in differentiated megakaryocytes [39]. On the other hand,
in contrast to these findings, an earlier in vivo study suggested that megakaryocytes in
fact undergo enhanced apoptosis in the presence of autoantibodies [40]. It was observed
in biopsies of ITP patients that increased apoptosis involves nuclear fragmentation, chro-
matin condensation and activation of caspase 3. This further leads to phagocytosis of the
polyploid cells by resident macrophages in the bone marrow [40]. Another recent study
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showed that an increased megakaryocyte apoptosis occurs in the bone marrow samples
obtained from ITP patients [41].

3. Clinical Manifestations

The overall annual incidence rate of ITP is 1.6–5.3 per 100,000 persons, and it is more
frequent in women than men [42–44]. ITP can be classified according to disease duration
as acute (<3 months), persistent (3 to 12 months) or chronic (>12 months). Compared to
children, adults are more likely to develop chronic ITP disease. While up to 60% of adults
develop chronic diseases [45,46], only 20–30% of children have persistent thrombocytopenia
at 12 months [47,48].

Most patients are presented with bleeding symptoms such as petechiae, purpura,
haemorrhages of the mucous membranes of the mouth and nose, urogenital bleeding or
increased menstrual bleeding [49]. Some patients can be asymptomatic at presentation and
30–40% of patients with chronic ITP do not have any bleeding symptom [50]. Bleeding risk
is calculated as 8% per year in ITP patients [51].

Major bleedings are associated with a high rate of mortality [52,53]. Reported rates of
severe bleeding vary depending on the population studied. In a recent literature review
including 108 studies reporting on 10,908 patients, the weighted proportion for intracerebral
haemorrhage (ICH) was 1.0% (95% CI, 0.7–1.3) and for non-ICH severe bleeding was 15.0%
(95% CI, 9.3–21.8) [54]. Forsthye and colleagues reported a severe bleeding episode that
required rescue medication (intravenous immunoglobulin, corticosteroid injections or
platelet transfusions) in 10,2% of adult ITP patients within 6 months after starting therapy
with thrombopoietin receptor agonists (TRO-RA) [55]. In a retrospective evaluation of the
McMaster ITP registry, Arnold et al. found that 56% of ITP patients experience clinically
significant bleeding at some point during their disease course and 2.2% had ICH [56].

Compared to ITP patients with normal platelet counts, those with a platelet count
between 25 to 49 × 109 /L and <25 × 109 /L had 2.4 fold and 4.5 fold increased bleed-
ing rates, respectively [51]. Furthermore, bleeding requiring a hospital contact within
1 year prior to ITP diagnosis was associated with a 3-fold increased rate of subsequent
bleeding [51]. The use of non-steroidal anti-inflammatory drugs (NSAIDs) was found to
be associated with any bleeding (OR 4.8, 95% CI 1.1–20.7) and anticoagulant drugs were
associated with severe bleeding (OR 4.3, 95% CI 1.3–14.1) [57]. In a large patient cohort,
Hato et. al. found that age (>60 years), platelet count (<10 × 109 /L), and the presence of
haematuria are associated with increased risk for ICH [58].

Fatigue is common in patients with ITP, and its impact on health-related quality of life in
ITP patients has been until recently underappreciated [59]. Treatments that increase platelet
count also reduce fatigue [60,61]. However, it is also recommended to use treatment strategies
that directly target fatigue to improve the health-related quality of life in ITP patients [62].

Paradoxically, an increased frequency of thromboembolic events has been reported in
ITP patients [63,64]. Therefore, it is crucial that ITP patients should be aware of the risk of
thromboembolic events. Patients should be educated that ITP can increase not only the risk
of bleeding but also the risk of venous and arterial thromboembolism [50]. Furthermore,
patients at risk of embolic events should be followed more closely. Presence of lupus
anticoagulants is related to thrombotic events [65]. The increased levels of prothrombotic,
platelet-derived microparticles and complement activation on antibody-coated platelets
also contribute to the development of thrombosis in ITP [66]. In addition to disease
and patient related factors, ITP treatments such as TPO-RA and splenectomy could also
increase the individual risk of thromboembolic events [64,67,68]. Clinical management
of thrombocytopenic patients who require anticoagulant or antiplatelet therapy due to
cardiovascular comorbidities is a serious challenge. An aggressive treatment of ITP may be
required in these patients to achieve a safe platelet count over 50 × 109L [50].

The overall mortality rate is slightly higher than general population in ITP patients,
predominantly due to increased cardiovascular disease, infection, bleeding and haemato-
logical cancer related mortalities [69].
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4. Diagnosis

ITP is usually diagnosed after precluding other potential causes of thrombocytopenia.
A diagnosis is performed in patients with a low platelet count (<100 109/L) with no
evidence or history of an underlying condition, which can lead to thrombocytopenia,
including a physical examination, evaluation of blood counts and visual examination of
blood smears. However, since thrombocytopenia may be a multifactorial condition, it is
indeed complicated to identity substitute causes, and examining physician needs to have
a broad knowledge in platelet disorders. A confirmation of ITP is achieved via detection
of characteristic platelet-specific autoantibodies, free in patient serum or bound to own
platelets [70]. As per recommendations of various regulatory guidelines, GP-specific assays,
for example direct monoclonal antibody immobilisation of platelet antigens (MAIPA test)
or direct immunobead assays prove the diagnosis of ITP, and further laboratory tests are
deemed unnecessary [71]. However, current ASH-guidelines of 2019 do not give any clear
recommendations for antibody evaluation in ITP patients, as there is still lack of strong
evidence supporting clinical advantage of the assays [4]. We strongly recommended that
as a part of initial assessment, presence of platelet autoantibodies should be evaluated.
A positive test result at this stage establishes a sound basis for further diagnostic procedures
and paves ways for initiating the treatment. It is notable to mention that although GP-
specific tests have shown an excellent specificity, the lack of sensitivity is an important
issue to consider. The low sensitivity of the test can often produce negative results, and care
needs to be taken while interpretation and subsequent recommendation. Other potential
hurdles in implementing antibody testing as a part of mandatory diagnostic regime for
ITP also include unavailability of experienced staff, equipment and set up, as well as cost
effectiveness.

Therefore, it is recommended to establish an appropriate diagnostic set up to analyse
ITP during early phase of patient examination.

5. Treatment of ITP

The main goals of ITP treatment are to intervene in the case of an acute severe bleeding
and to prevent future bleeding events (Figure 2).

5.1. First-Line Treatments and Treatment of Bleeding Emergencies

The decision to start a treatment in newly diagnosed ITP depends on several factors.
Current guidelines recommend a platelet count of 20 to 30 × 103/μL as a cut-off value to
start intervention in adult ITP patients [4]. Other than thrombocyte count, patient related
factors can help to determine the risk of bleeding such as age (e.g., >65 years), previ-
ous bleeding events, comorbidities associated with high bleeding risk (i.e., hypertension,
cerebrovascular disease), renal or hepatic impairment, medication with anticoagulants and
platelet inhibitors, surgical interventions and risky life style (i.e., combat sports) [51,57,73].
A higher platelet count (>50,000 μL) should be considered for these patient populations.

As emphasized in the current guidelines, the decision regarding ITP treatment should
be made in agreement between physician and patient. The patient should be informed
about the benefits and possible side effects of treatment options. It should be considered
that some side effects of treatments might pose a greater risk for the patient than ITP
itself [74]. Advantages and disadvantages of ITP treatments are summarized in Table 1.
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Figure 2. Treatments for immune thrombocytopenia: Corticosteroids used as first line of treatment modulate Treg, B-cell
and FcR function. In combination with or without IVIg and anti-D, they impair antigen presentation and recognition of
autoantibody-coated platelets by macrophages. Second-line treatments such as surgical splenectomy remove spleen as a
site of platelet destruction, and drugs as rituximab target antibody-producing B cells. TPO-RAs, such as romiplostim and
eltrombopag work by stimulating platelet production by megakaryocytes. Fostamatinib impairs Syk-mediated phagocytosis
of platelets. FcR: Fc receptors; IVIg: Intravenous immunoglobulin; TPO-RA: Thrombopoietin receptor agonist; Syk: spleen
tyrosine kinase. (Adapted from Newland et al. 2018 [72]).

Table 1. Treatment options for ITP.

Agent Application Route and Dosage Advantages Disadvantages and Complications

First-line Therapies

Glucocorticoids

Predniso(lo)ne

Oral
1 mg/kg of body weight for

2–3 weeks (maximum 80 mg/d),
gradual tapering

Response within 1–2 weeks
Early response rate 60–80%

Low durable response rate after discontinuation
(30–50%)

Complications: hypertension, hyperglycaemia,
sleep and mood disturbances, gastric ulceration,

myopathy, glaucoma and osteoporosisDexamethasone
Oral

40 mg for 4 days
Maximum 3 cycles

Immunoglobulin

Intravenous
0.4–1 gr/kg of body weight, total

maximal dose of 2 gr/kg of
body weight

Response within 1–4 days
Early response rate 70–80%

Only a transient rise of platelet count
Complications: headache, pyrexia, vomiting,
acute kidney injury, aseptic meningitis and

thrombotic events

Anti-Rhesus D Ig Intravenous
50 to 75 μg/kg Early response rate 65%

Only effective in Rh-positive patients
Not approved for ITP in Europe

Complications: headache, nausea, chills, fever
and mild to moderate haemolysis

Severe intravascular haemolysis and
disseminated intravascular coagulation
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Table 1. Cont.

Agent
Application Route and

Dosage
Advantages Disadvantages and Complications

Second-line
Therapies

Thrombopoietin-
receptor
Agonists

Romiplostim Subcutaneous
1–10 microg/kg/week

Response rate 70–80%
Remission rate 10–30%

Cost
Headache, arthralgia, myalgia, dizziness

and insomnia
Thromboembolism and bone

marrow fibrosis

Eltrombobag Oral
25–75 mg/day

Response rate 70–80%
Remission rate 10–30%

Cost
Dietary restrictions

Gastrointestinal symptoms (nausea,
vomiting, diarrhoea), mild transaminase

elevations and headache
Thromboembolism and bone

marrow fibrosis

Avatrombopag Oral
20–40 mg/day

Response rate 60%
No dietary restrictions

Cost
Headache, arthralgia, fatigue

and diarrhoea

Immunomodulators

Rituximab

Intravenous
375 mg/m2 per week for 4

weeks
100 mg/m2 per week for 4

weeks

Response rate 60% at 6
months

No need for chronic
treatment

High relapse rate
Contraindicated by patients with evidence

of an active or previous HBV infection
Increased tendency to minor infections;

progressive multifocal
leukoencephalopathy

Fostamatinib Oral
100–150 mg twice daily

Response rate 43% within
12 weeks after treatment

Diarrhoea, hypertension and nausea
Monthly follow up for hypertension,

hepatotoxicity and neutropenia.

Splenectomy Open or laparoscopic surgery

Durable remission rate 60
to 70%

No need for chronic
treatment

Surgical complications, thromboembolic
events, infection with encapsulated

bacteria, Sepsis

5.1.1. Glucocorticoids

Glucocorticoid treatment is the most-commonly used first-line therapy in patients
with ITP [43,75]. The beneficial effects of glucocorticoids include reduction of platelet
clearance by reticuloendothelial system [76,77]. Platelet count usually increases within
a couple of days after therapy initiation [49]. Two most-commonly used glucocorticoids
are prednisone (1 mg/kg orally per day for 2–3 weeks, with a gradual withdraw and
discontinuation by 6 to 8 weeks) and high-dose dexamethasone (one or more cycles of
40 mg orally, once daily for 4 days, usually 4 weeks apart) [78]. Current ASH guideline
recommends against the use of glucocorticoids longer than 6 weeks [4]. On the other hand,
some others suggested that a longer low-dose steroid therapy could be considered to keep
the platelet counts over 30 × 103/ml if a response with initial steroid therapy has been
achieved [11]. Several studies demonstrated more rapid response with dexamethasone
as compared to prednisone, but overall response rates are not significantly different in
the long term after 6 and 12 months [79]. Similarly, Wang et al. reported a rapid response
with high-dose dexamethasone compared to prednisolone, but sustained response rates
were similar at 12 months and later [78]. Of note, dexamethasone seems to have a better

125



J. Clin. Med. 2021, 10, 789

safety profile (fewer Cushing’s disease, weight gain and infection rates) in comparison
to prednisolone [80].

Despite the high early-response rate, most of the patients do not have a sustained
response after the cessation of glucocorticoids. In fact, approximately 80% of patients
respond initially to corticosteroids, but only 20 to 40% of these patients achieve sustained
response when steroids are discontinued [81,82]. As a predictive factor, Wang et al. mea-
sured anti-platelet antibody levels in ITP patients under glucocorticoid treatment [78].
They found that presence of anti-GPIb-IX antibodies predicts a poor initial response to cor-
ticosteroids [78]. Further studies are needed to determine the role of antiplatelet antibodies
in predicting the corticosteroid response.

It is crucial to closely monitor the patients for possible side-effects of glucocorticoids
such as hypertension, hyperglycaemia, sleep and mood disturbances, gastric ulceration,
myopathy, glaucoma and osteoporosis [4]. To prevent severe toxicities, corticosteroids
should be tapered appropriately and discontinued in non-responding patients. Non-
responders and patients with contraindication to steroid therapy such as (pregnancy,
diabetes mellitus, active infection and psychiatric disorders) can be treated with other
first-line treatments-IVIG and IV anti-D [4].

To increase the rate of sustained response, combination of dexamethasone with second
line treatments such as rituximab have been investigated. A recent meta-analysis compared
the effectiveness of the combination of high-dose dexamethasone and rituximab with
dexamethasone alone in ITP [83]. Overall response rate at month 3 (RR = 5.07, 95% CI:
2.91–8.86, and p < 0.00001) and sustained response rate at 12 months (RR = 1.73, 95% CI:
1.36–2.91, and p < 0.00001) was significantly higher in combination arm than that in
monotherapy. Furthermore, the rate of adverse events has not significantly increased with
combination therapy [83].

5.1.2. Intravenous Immunoglobulin (IVIG)

IVIG has been introduced into the treatment of ITP in 1980s [84]. IVIG is prepared
by purification from the pooled plasma of healthy donors [84]. It contains polyvalent
IgG (80 to >95%) and irrelevant amount of IgA and IgM. IVIG is thought to inhibit Fc-
mediated phagocytosis of antibody coated platelets by reticuloendothelial system [85].
Platelet count usually increases within 48 hours after IVIG application [86]. The preferred
treatment regime is 1 g/kg per day, which should be repeated for two consecutive days [2].
A lower dose of 0.2–0.4 g/kg/day can also be used for 4–5 days [87]. In a meta-analysis of
13 randomized studies, low dose IVIG regimes were found to be as effective as high dose
IVIG, and low-dose-IVIG was associated with a significantly reduced risk of side-effects
(OR = 0.39 (95% CI = 0.18–0.83) [88].

Limited number of randomized controlled studies compared the effectiveness of
IVIG and corticosteroids as a first line therapy in ITP in adults [89,90]. Godeau et al.
demonstrated that IVIG increases platelet count more effectively than high-dose methyl-
prednisolone in adults with newly diagnosed ITP (79% vs. 60% response rate) [90]. In a
smaller study, adult ITP patients were treated with oral prednisone (1 mg/kg/day; n = 17),
high-dose IVIG (400 mg/kg on days 1 through 5; n = 13) or a combination of both agents
(n = 13). A platelet response (>50 × 109/L) was achieved in 82%, 54% and 92% of patients,
respectively [89].

There may be a relationship between the presence of anti-platelet antibody and the re-
sponse to IVIG. Peng et al. found that the response rate was significantly higher in patients
without anti-GPIb-IX autoantibodies compared to those with anti-GPIb-IX autoantibodies
(80.0% vs. 36.4%), while the presence of the anti-GPIIb/IIIa autoantibodies had no effect
on response to treatment [91]. However, others failed to show a significant relationship
between an autoantibody and nonresponse to IVIG [92].

Most frequent adverse effects of IVIG include headache, pyrexia and vomiting [93].
Severe side effects such as acute kidney injury, aseptic meningitis and thrombotic events
are rare [94].
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5.1.3. Anti-RhD Immunoglobulin (Ig)

Anti-RhD consists of IgG selectively taken from the plasma of donors immunized
to the Rhesus D antigen [85]. Anti-RhD Ig binds to Rh-positive erythrocytes and these
antibody-coated erythrocytes competitively inhibit the destruction of antibody-coated
platelets by binding and occupying Fc receptors on phagocytes in the spleen [95]. Anti-RhD
is therefore only effective in Rh-positive patients with an intact spleen. A single intravenous
dose of 50 to 75 μg/kg is recommended [96]. A safe subcutaneous administration in
small children or patients is also described in the literature [97]. Side effects include
mild infusion reactions such as headache, nausea, chills, fever and mild to moderate
haemolysis [98]. However, life-threatening episodes of severe intravascular haemolysis
and disseminated intravascular coagulation after Anti-RhD Ig administration have also
been reported [99,100]. These reports led to the withdrawal of an Anti-RhD product
(WinRho® SDF, Cangene Europe Ltd, London, UK) from European markets in 2009 [50].

5.2. Treatment of Active Bleeding

In case of clinically relevant bleeding, glucocorticoids, IVIG and platelet transfusion
are used alone or in combination to increase the platelet count rapidly [11]. Besides, other in-
terventions such as endoscopy or surgery may be necessary depending on the severity
and the site of the bleeding [52]. Furthermore, anticoagulant and antiplatelet medications
should be ceased immediately, if possible. Since the effect of platelet transfusion is limited
due to rapid clearance of platelets by the circulating autoantibodies, combining platelet
transfusion with IVIG or corticosteroids might be useful [11]. Although IVIG increases
platelet count in most of the cases within 48 hours, its effect is temporary, and platelet
count decreases after 1 to 2 weeks. Therefore, concomitant use of glucocorticoids with IVIG
can be considered to achieve a more sustained response than that with IVIG alone [90].
Of note, the recommendations for the treatment of active bleeding in ITP are based on
small observational studies, and randomized controlled studies are urgently needed.

The Updated International Consensus Report recommends the use of TPO-RA in
the case of a life-threatening bleeding if initial treatments with corticosteroids, IVIG and
thrombocyte transfusion fails to increase the platelet count [11]. Roumier et al. used high
dose romiplostim (10 μg/kg body weight) together with vinca alkaloids in 30 patients with
severe bleeding and compared the results with a historical patient group treated with vinca
alkaloids only [101]. Both groups constituted of patients who failed to achieve a response
after initial therapy with IVIG, corticosteroids and/or platelet transfusion [101]. At day 7,
complete response (60% vs. 29%, p < 0.05), and at day 14, both partial response (80% vs.
43%, p < 0.05) and complete response (70 vs. 17%, p < 0.0001) were significantly higher in
the romiplostim plus vinca alkaloid group compared to the vinca alkaloid group alone [101].
Although this study shows the effective use of high dose romiplostim in life-threatening
bleeding in ITP patients, two patients (6.6%) treated with high dose romiplostim developed
major thromboembolic events. Therefore, the risk over benefit ratio should be carefully
assessed for each patient.

Antifibrinolytics (tranexamic acid and aminocaproic acid) are successfully used to
control significant bleeding in patients with ITP [102–104]. Oral contraceptives can be used
in female patients with menorrhagia. In life threatening bleeding emergencies, recombi-
nant activated factor VII may be a useful supportive treatment [105–107].

5.3. Second-line treatments
5.3.1. Thrombopoietin-Receptor Agonists (TPO-RA)

Romiplostim is an Fc-peptide fusion protein and administered as a once-weekly sub-
cutaneous injection. The recommended initial dose is 1 μg/kg per week, which can be ad-
justed by weekly increments of 1 μg/kg according to platelet response to achieve a platelet
count of >50 × 109 platelets/L. The maximum dose is 10 μg/kg/week. Romiplostim is
indicated in adult ITP patients who have had an insufficient response to corticosteroids,
immunoglobulins or splenectomy. Self-administration of romiplostim by patients can help
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in reducing healthcare costs and increase patient comfort by eliminating the need to visit
the hospital every week for applications [108].

Owing to the effectiveness and safety-profile of TPO-RAs recent studies explored the use
of these drugs in other patient groups also. Kuter et al. investigated the effectiveness of romi-
plostim in patients with ITP for less than 12 months by analysing the data from 9 studies [109].
They found that the number of patients with a platelet response at ≥75% of measurements
were higher for romiplostim (74% (204/277)) than for placebo/standard of care (18% (6/34))
in patients with ITP ≤1 year. More importantly the rate of treatment free remission (platelet
counts ≥50 × 109 /l for ≥6 months) was higher in patients with ITP ≤ 1 year compared to
those with ITP >1 year [109]. Clinically relevant bleeding-related episodes are significantly
lower in patients on romiplostim therapy [110,111]. Kuter et al. followed 292 adult ITP
patients receiving romiplostim as weekly treatment and observed that the platelet response is
maintained with stable dosing for up to 5 years of continuous treatment [67].

Most frequently observed side effects are headache, arthralgia, myalgia, dizziness and
insomnia [112]. Thromboembolism and bone marrow fibrosis are the most feared com-
plications of TPO-RA in ITP patients. Gernsheimer reported that romiplostim does not
present an increased risk of thromboembolic events compared to placebo [111]. However,
close monitoring of patients for thromboembolic events is recommended. Bone marrow
changes were observed in a small proportion of patients receiving romiplostim [113].
But the bone marrow fibrosis is reversed after the end of treatment [114,115].

Eltrombopag, which is a synthetic non-peptide molecule, binds selectively with throm-
bopoietin receptors on megakaryocytes and induces thrombopoiesis [116]. Eltrombopag
is recommended for adult ITP patients who have had an insufficient response to corti-
costeroids, immunoglobulins or splenectomy. Eltrombopag is administered orally as a
daily tablet. Daily dose is 25–75 mg according to the age and hepatic function status
of the patient. To ensure an adequate absorption of eltrombopag, it should be taken at
least 2 hours before or 4 hours after any medications or products containing polyvalent
cations (such as antacids, calcium-rich foods and mineral supplements). Many patients
have difficulty meeting these dietary requirements and an alternative intermittent dosing
1–5 times weekly have been recommended [117]. Due to the risk of hepatotoxicity, a dose
reduction is necessary in patients with hepatic impairment and a close monitoring of liver
enzymes and bilirubin every two weeks throughout the treatment is indicated [118].

Randomized controlled studies showed that eltrombopag achieved early platelet
response in 70–80% of the patients and a remission rate of 20–30% [119–122]. In an open-
label extension study, 85% of the patients achieved a platelet response, and 52% of them had
a continuous response of 25 weeks or longer [123]. Furthermore, the incidence of bleeding
episodes in patients receiving eltrombopag decreased from 57% to 16% at 1 year [123].
Although some patients seem to have a prolonged/complete remission after pausing TPO-
RA, no prognostic marker is currently available to identify such patients [124]. However,
recently, an inverse relation between TPO level and response to eltrombopag or romiplostim
has been shown [125]. Patients with a normal baseline TPO level are more likely to benefit
from a therapy with these drugs [125].

Forsthye et al. compared the bleeding related adverse events in patients receiving romi-
plostim or eltrombopag in a retrospective cross-sectional study. Patients on eltrombopag (n
= 1617) had significantly fewer bleeding episodes compared to those on romiplostim (n =
1140) (7% vs. 14%) [55].

In terms of adverse effects, liver functions, thromboembolism and bone marrow
fibrosis have been the areas of concern in the long-term use of eltrombopag [126]. Gas-
trointestinal symptoms (nausea, vomiting and diarrhoea), mild transaminase elevations
and headache are the most commonly observed adverse events in clinical studies [122].
In a prospective safety and efficacy study, thromboembolic events were observed in 6%
of patients and hepatobiliary side effects in 15% of patients with a median eltrombopag
treatment duration of >2 years [123]. Regular follow-up of patients for these side effects
is justified.
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Avatrombopag is an orally administered TRO-RA and recently received FDA ap-
proval for treatment of resistant ITP in adults. Unlike eltrombopag, avatrombopag can be
administered without dietary restrictions. Furthermore, avatrombopag does not require
monitoring of liver functions [127]. The phase 3 clinical trial showed a longer median
number of weeks with platelet count of 50 × 109/L or higher during the first 26 weeks in
patients who received avatrombopag than in those who received placebo [128]. A platelet
response (a platelet count ≥30 × 109/L, with at least a two-fold increase in platelet count
from baseline and an absence of bleeding) has been observed in 56.3% of the avatrombopag
treated patients [128]. The recommended initial dose is 20 mg/day. The doses or dosing fre-
quency should be adjusted individually to maintain platelet count greater than 50 × 109/L.
The maximum daily dose is 40 mg [127]. The treatment should be discontinued if a platelet
response is not achieved in 4 weeks of avatrombopag therapy at a dose of 40 mg/day.
Most common side effects are headache, arthralgia, fatigue and diarrhoea. Further studies
are needed to ensure the long-term safety of avatrombopag.

5.3.2. Immunomodulators

Rituximab is an anti-CD20 monoclonal antibody that depletes CD20+ B cells and
reduces antiplatelet antibody production directly [129]. Rituximab achieves a significantly
higher incidence of complete response at 6 months compared to glucocorticoids or placebo
in non-splenectomised ITP patients (46.8% vs. 32.5%) [130]. More than one-half of the
responders had their response last for at least 1 year, resulting in a 1-year response rate
of 38%. Patel et al. reported a 2-year response rate of 31% and a 5-year response rate of
21% in adults treated with rituximab [131]. Sustained platelet response lasts more than
2 years in 50% of patients who have an initial response to rituximab [131,132]. Low dose
rituximab therapy has been recommended to avoid treatment related adverse events. A re-
cent systematic review found an overall response rate of 63% and complete response rate
of 44% in ITP patients treated with low-dose (100 mg or 100 mg/m2 per week for 4 weeks)
rituximab instead of the standard dose of 375 mg/m2 per week for 4 weeks [133]. Low dose
rituximab has a satisfactory efficacy and safety profile [133]. In a long-term follow-up
study (median follow-up of 6 years), median duration of response was longer (17 months
vs. 11 months), and splenectomy rate was lower (17.2% vs. 26.4) in rituximab-treated
patients. However, 70% of the rituximab-treated patients relapsed within two years after re-
sponse [134]. Hammond et al. showed that response rate at 2 years was 70% in ITP patients
treated with rituximab after unsuccessful splenectomy [135]. Wang et al. have recently
demonstrated that a positive ANA test is associated with a better initial response but with
an unfavourable long-term outcome in ITP patients treated with rituximab [136].

Rituximab should not be prescribed to patients with evidence of an active or previous
HBV infection due to the risk of fulminant hepatitis, and other treatment options should be
considered [129]. An increased tendency to minor infections after rituximab therapy has
been reported. On the other hand, progressive multifocal leukoencephalopathy seem to be
rare [137]. Taken together, due to the lower efficacy and higher complications compared
with TPO-RAs [138], rituximab should be avoided as first line therapy and used only if
there is high evidence for remission [4].

Fostamatinib is an orally available spleen tyrosine kinase (Syk) inhibitor. Syk-dependent
phagocytosis of FcγR-bound platelets plays a role in the pathophysiology of ITP, and fos-
tamatinib inhibits antibody-mediated destruction of platelets [139]. Pooled analyses of
two randomized controlled trials demonstrated a response within 12 weeks in 43% of the
patients compared to 14% of those receiving placebo [140]. In addition, a sustained platelet
count ≥50 × 109/L for up to 24 weeks was observed in 18% of refractory ITP patients
compared to 2% of those receiving placebo [140]. In the open label extension study with
the patients who had a stable response, 21 (78%) patients had maintained the response for
1 year and 15 (56%) for 2 years [141]. In a post-hoc analysis of the phase 3 and open-label
extension study, Boccia et al. observed a higher platelet response rate (≥50 × 109/L) (78%
vs. 48%) and lower bleeding events (28% vs. 45%) when fostamatinib was used as a second
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line therapy as compared to its use as a third-or-later-line of therapy [142]. The recom-
mended initial dose is 100 mg twice daily, and the dose can be increased to 150 mg twice
daily, if platelet count has not increased to at least 50 × 109 /L after 4 weeks of therapy.
Most common adverse reactions are diarrhoea, hypertension and nausea. A monthly
monitoring for hepatotoxicity and neutropenia is recommended [143]. Long-term studies
are needed to better understand the efficacy and safety profile of fostamatinib in patients
with chronic ITP.

5.3.3. Splenectomy

Spleen is the main site of the autoantibody production and platelet destruction.
Splenectomy is long regarded as the gold standard therapy for ITP patients who are unre-
sponsive to corticosteroids [144]. Compared to other treatment options, splenectomy has a
higher sustainable response rate [4]. However, with the introduction of new medicaments,
splenectomy has lost its place in the treatment of ITP [75,145].

Splenectomy achieves a high rate of durable remissions in 60 to 70% of the pa-
tients [146]. The need for the third-line treatment is significantly lower in patients who
have undergone splenectomy (20%) compared to patients treated with second-line therapy
(39–44%) [147]. Vianelli et al. reported a relapse free survival in 67% of the patients for up
to 20 years after splenectomy [148]. However, due to the surgical risks and potential long-
term complications, splenectomy is usually reserved to chronic ITP patients who failed to
respond to standard medical therapies or when therapies are contraindicated [50,144].

Furthermore, the lack of reliable predictors of response to splenectomy hinders the
selection of the patients who will benefit from splenectomy [146]. Revealing the main
site of platelet sequestration can help to predict the success of splenectomy. Autologous
platelet scanning can be used to detect the site of platelet sequestration, but it is technically
challenging and not widely available [149]. Knowledge of desialylation capacity of the
anti-platelet autoantibodies might also be helpful to detect Fc-independent clearance of
platelets in the liver [22].

Complications associated with splenectomy are post-operative bleeding, infection with
encapsulated bacteria, sepsis as well as thromboembolic events in venous and arterial
circulation (i.e., coronary artery disease, stroke and chronic thromboembolic pulmonary
hypertension) [144]. In a retrospective analysis of medical records, among second line
treatments, splenectomy had the highest frequency of deep vein thrombosis and pulmonary
embolism [147]. Compared to open surgery, laparoscopic splenectomy has a lower rate of
postoperative mortality and morbidity and a shorter hospitalization [146,150]. Moreover,
the immediate as well as the persistent risks of venous thromboembolism have been shown
to be higher among patients with ITP who have undergone splenectomy as compared
those who have not [151,152].

Patient’s age must also be taken into consideration during the selection process for
splenectomy. Maria et al. showed that patients age at the time of the surgery predicted
the response in children [153]. Older children show a better outcome after splenectomy.
Recently, Kwiatkowska et al. showed that age (<41 years) together with (BMI < 24.3 kg/m2)
and preoperative platelet count (≥97 × 103 mm3) are independent prognostic factors for
ITP remission after splenectomy [154]. Geriatric patients are prone to surgical complica-
tions and an increased relapse has been reported in ITP patients over 60 years [155,156].
Therefore, splenectomy should be implemented as a last resort in elderly patients. Last but
not the least; splenectomy should not be performed in the first 12 to 24 months after ITP
diagnosis because of the chances of spontaneous remission or disease stabilization [11].

5.4. New Drugs under Investigation

Rozanolixizumab is anti-neonatal Fc receptor (FcRn) antibody that reduces plasma
IgG levels. In a recent phase 2 study, >50% patients with persistent/chronic primary
ITP achieved clinically relevant platelet responses (≥50 × 109/L) by day 8 after a single
injection of rozanolixizumab at a dose of 15 and 20 mg/kg [157]. Treatment related mild-to-
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moderate adverse events have been seen in 15 of 66 (21%) patients, and no serious infections
have been reported. A phase 3 study is currently recruiting participants (NCT04224688).

Bortezomib, a proteosom inhibitor, induces apoptosis of long-lived autoreactive
plasmocytes and reduces secretion of anti-platelet antibodies. In murine models of ITP,
bortezomib eliminated long-lived plasmocytes and alleviated thrombocytopenia [158].
Beckman et al. used bortezomib to treat a 63-year-old female patient who had severe
thrombocytopenia and bleeding episodes despite the utilization of several treatments
including splenectomy [159]. The patient received bortezomib injections in addition to
other treatments, and platelet count increased rapidly after the initiation of bortezomib.
The results of the ongoing clinical trials (NCT03443570, NCT04083014) will help us to better
define, if any, the role of bortezomib in ITP.

Efgartigimod is an Fc fragment that blocks FcRn. In a recent study, patients with a
platelet count <30 × 109/L despite treatment received four weekly intravenous injections
of either placebo or efgartigimod, at a dose of 5 mg/kg or 10 mg/kg [160]. Antiplatelet
antibody levels reduced 40% or more in 8/12 (66.7%) patients treated with efgartigimod at
5 mg/kg and in 7/10 (70.0%) patients treated with efgartigimod at 10 mg/kg. A platelet
response >50 × 109/L on 2 occasions has been achieved in 46.2% of the patients on
efgartigimod as compared to 25% on placebo [160]. A Phase 3 Study investigating the
safety and efficacy of efgartigimod at a dose of 10 mg/kg is ongoing (NCT04225156).

Decitabine is an inhibitor of DNA methylation and used in the treatment of myelodys-
plastic syndrome. Considering the possible role of DNA-methylation in the aetiology of
ITP [161], decitabine seems to be a potential treatment option. Low dose decitabine pro-
motes megakaryocyte maturation and platelet production in patients with myelodysplastic
syndrome and ITP [162,163]. In a prospective open label study, Zhou et. al. showed that
an overall response rate of 51% with a median initial response time of 28 days in ITP
patients [164]. The sustained response rates at 6, 12 and 18 months were 44.44% (20/45),
31.11% (14/45) and 20.0% (9/45), respectively [164].

6. Conclusions

In recent years, ITP guidelines have been updated in the context of improved un-
derstanding of the pathophysiology of ITP and evidence supporting newly introduced
treatments. Despite recent developments, the expected increase in the success rate of
treatments has not been achieved yet. A substantial number of patients either do not
respond at all or respond only transiently to many treatment interventions. The use of
different treatment regimens targeting different key points in the pathophysiology of the
disease may increase the success rate. In addition, the development of patient-specific
testing methods, which can predict treatment success, may assist in avoiding complications,
wasted time and associated costs from unnecessary treatments.

The management of ITP during ongoing 2019 coronavirus disease (COVID-19) pan-
demic has emerged as an additional challenge for clinicians. COVID-19, caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is known to be associated with
increased coagulopathy and thrombotic complications [165]. Current data are insufficient
to make evidence-based recommendations related to the ITP management. Pavord et al.
published a series of recommendations based on expert opinion on the management of ITP
during the COVID-19 pandemic [166]. They drew attention to a possible further increased
risk of thrombosis in patients with COVID-19 from ITP or its treatment (particularly with
TPO-RA). Mahevas et al. reported in a case series that COVID-19-associated ITP can lead
to profound thrombocytopenia and severe bleeding manifestations but has a favourable
outcome in most cases [167]. More studies are needed to make evidence-based decisions
on managing ITP during the pandemic.

Current guidelines state that patient preferences should be prioritized when choosing a
treatment regimen. Important factors that determine patient preferences include treatment
efficacy and the potential for complications. Efficacy and safety data from post-marketing
studies of new treatments will be helpful in this regard. In addition, randomized controlled
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trials comparing existing treatments not only in terms of treatment response or safety
but also in terms of their impact on the health-related quality of life of patients with ITP
are needed.
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Abstract: Thrombocytopenia, which signifies a low platelet count usually below 150 × 109/L, is
a common finding following or during many viral infections. In clinical medicine, mild throm-
bocytopenia, combined with lymphopenia in a patient with signs and symptoms of an infectious
disease, raises the suspicion of a viral infection. This phenomenon is classically attributed to platelet
consumption due to inflammation-induced coagulation, sequestration from the circulation by phago-
cytosis and hypersplenism, and impaired platelet production due to defective megakaryopoiesis
or cytokine-induced myelosuppression. All these mechanisms, while plausible and supported by
substantial evidence, regard platelets as passive bystanders during viral infection. However, platelets
are increasingly recognized as active players in the (antiviral) immune response and have been shown
to interact with cells of the innate and adaptive immune system as well as directly with viruses. These
findings can be of interest both for understanding the pathogenesis of viral infectious diseases and
predicting outcome. In this review, we will summarize and discuss the literature currently available
on various mechanisms within the relationship between thrombocytopenia and virus infections.

Keywords: virus infection; thrombocytopenia; thrombocytopathy; aggregation; HIV; SARS-CoV-2;
hantavirus; coronavirus; influenza

1. Introduction

In patients presenting to care with signs or symptoms of infectious disease, a full
blood count is part of a routine diagnostic evaluation. Mild thrombocytopenia, often
combined with lymphocytopenia is typical of most acute viral infections, but neither are
sufficiently sensitive nor specific to reliably distinguish viral from bacterial or parasitic
pathogens. Except for viral hemorrhagic fevers and rare cases of severe disseminated viral
infections, virus-induced thrombocytopenia does not lead to significant bleeding, rarely
requires platelet transfusions, and is therefore easily dismissed as clinically irrelevant.
However, when the relationship between platelets and viral infection is studied more
closely and in larger study populations, important findings emerge which shed light
on previously unrecognized aspects of viral diseases. The incidence of thromboembolic
complications is elevated in individuals during and after influenza virus infection, for
example, a relation which may not be apparent to physicians diagnosing and treating
influenza-like illness [1]. Platelet counts during peak symptomatic disease have also been
found to be a marker of disease severity in certain viral infections, [2–19] or can serve
as a first clue towards diagnosing chronic viral infections [20–23]. These phenomena are
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typically not explained by changes in platelet quantity, but rather by the effects of viral
infections on platelet function.

Platelets are small, anucleate cells that circulate in the blood for approximately 7 to
10 days after being formed. Their main physiological role is hemostasis, forming blood clots
(thrombi) to safeguard vascular integrity. Platelets originate from megakaryocytes, which
are giant polyploid cells residing in the bone marrow that have themselves formed from
hematopoietic stem cells. Megakaryocytes develop proplatelets that bud off numerous
platelets into the blood stream, after endoplasmic maturation [24]. In individuals with
normal bone marrow function, platelets circulate at levels between 150 to 450 × 109/L [25].
Megakaryopoiesis is stimulated by a number of cytokines, with Stromal Derived Factor 1
(SDF-1), Granulocyte-Monocyte Colony Stimulating Factor (GM-CSF) Interleukins (IL-3,
IL-6, and IL-11) Fibroblast Growth factor 4 (FGF-4) and thrombopoietin (TPO) being the
most important [26]. Whereas TPO plays a crucial role in maintenance of hematopoietic
stem cells [27], most of these cytokines are proinflammatory and induce rapid maturation
and activation of leukocytes, as well as stimulating megakaryopoiesis, which illustrates
how platelet production is affected by inflammatory processes.

Conversely, platelets also affect the inflammatory response to viral infection and
can even internalize several viruses directly. In response to infection, platelets interact
with leukocytes and vascular endothelial cells before activating and secreting soluble
prothrombotic and inflammatory mediators stored within granules [28]. Despite not
having a nucleus, platelets do contain some RNA and maintain a limited ability for protein
translation, enabling some regulation of this response [29], but also potentially supporting
replication of some RNA viruses [30].

In this review, all of the literature on the relationship between platelets and viral
infectious diseases published between 2010 and late 2020 has been systematically assessed
and summarized in a narrative format, classified per virus category.

2. Search Strategy

The online database from the national Center of biotechnology information, Pubmed,
was queried on August 3rd 2020 using the search term available in the supplemental
information section included with this paper. This search was repeated on December 21st
2020, in order to include the latest publications on the currently pandemic Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2).

Additional filters were applied to restrict results to original research papers published
during the previous 10 years, related to humans and with full text available. Individual
papers were assessed by the first author, based on title and abstract for relevance, originality
and quality and sorted based on virus species or virus family. The findings of the papers
that are relevant for the subject matter of this review were presented in a narrative format
within the following subgroups: “General Topics”, “Arboviruses”, “Blood Borne Viruses”,
“Rodent Borne Viruses”, “Gastrointestinal Viruses”, “Herpesviruses” and “Respiratory
tract Viruses”. Additional references were added to provide more context when necessary.

3. Results

The search yielded 413 papers. The results of the author classification process are
summarized in Figure 1.
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Figure 1. Flow diagram of PubMed search results.

3.1. Platelets and Viral Infections: General Principles

An overview of the mechanisms that contribute to thrombocytopenia in the main viral
infections discussed in this review, including references, can be found in Table 1.
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3.1.1. Aggregation

Platelet agglutination or adhesion to leukocytes is often found in patients with sys-
temic inflammatory diseases, including viral infections. Standard automated hematology
analyzers are often unable to accurately detect leukocyte-bound platelets or platelet aggre-
gates, leading to a false finding of a reduced platelet count (pseudo-thrombocytopenia).
This can also be caused by drawing blood into tubes containing EDTA, the most common
anticoagulant used for complete blood counts. If pseudo-thrombocytopenia is suspected,
performing a manual peripheral blood smear or repeating the platelet count in using differ-
ent anticoagulants, can help avoid unnecessary diagnostic procedures or transfusions [31].
Isolated thrombocytopenia should prompt investigation into chronic viral infections, such
as hepatitis B, C and HIV, whereas leukocyte abnormalities and rise in other infection
biomarkers, raises suspicions of an acute viral illness [32].

3.1.2. Impaired Hematopoiesis

One of the most common accepted etiologies underlying virus-induced thrombo-
cytopenia is the one where viruses can directly infect bone marrow stromal cells and
hematopoietic stem cells leading to defective hematopoiesis and thrombocytopenia [33].
Furthermore, decreased platelet production can be the result of changed cytokine pro-
files, during infection, leading to lower TPO production in the liver, reducing megakary-
opoiesis [34,35]. Finally, viruses can infect and replicate in megakaryocytes while other
viruses modulate megakaryocyte function or decrease the expression of Myeloproliferative
Leukemia Protein (c-MPL), the receptor for TPO, leading megakaryocyte destruction and
subsequent lowered platelet production [36–38].

3.1.3. Sequestration and Intravascular Destruction

Platelet destruction can occur via direct interaction of platelets with viruses. This
interaction occurs via a range of receptors including Toll-Like Receptors (TLRs), integrins
(GPIIb/IIIa) and c-type lectins (CLEC), that interact with the different viruses leading to
platelet activation, degranulation and clearance in liver and spleen [39–41]. Upon viral
infection the host defense generally induces a systemic inflammatory response, which
leads to platelet activation and subsequent clearance [42]. Furthermore, platelets can
bind to neutrophils, forming platelet-neutrophil aggregates, which in turn triggers the
phagocytosis of platelets [43,44]. Additionally, many viruses can activate the coagulation
system by induction of tissue factor leading to thrombin generation and platelet activa-
tion with subsequent platelet clearance via protease activating receptor (PAR) signaling.
PARs are present on platelets, leucocytes and endothelial cells which modulate the innate
immune responses [45]. Platelets can bind immunoglobulins (attached to viruses) via
Fc-gamma-RII receptors leading to platelet activation, aggregation and clearance [46,47],
while immunoglobulins produced by B-lymphocytes that target viruses can cross-react
with platelet surface integrins (GPIIb/IIIa or GPIb-IX-V) leading to immune thrombo-
cytopenia (ITP) [48]. In depth, more virus specific mechanisms will be discussed in the
specific virus groups.

3.1.4. Platelet Expression of Pattern Recognition Receptors (PRR)

PRRs such as TLRs and CLECs, [49] or messenger ribonucleic acids (mRNAs) can
identify pathogen associated molecular patterns (PAMPs) from viruses and many are
expressed by platelets [44]. This direct interaction of a virus or its genome with PRR can
lead to platelet activation and subsequent release of chemokines. This enhances endothelial
cell signaling, leucocyte migration and direct interaction and activation of leucocytes [50].
These complex interactions may have both an immune protective mechanism, [44] or be
injurious to the host.
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3.1.5. Platelets Can Induce Inflammation and Secrete Anti-Microbial Proteins

Activated platelets undergo degranulation and release numerous inflammatory media-
tors, cytokines and chemokines stored in granules. Three types of granules exist: α granules,
dense granules and lysosomal granules. These granules contain different molecules that
can exert pro-thrombotic and immune effects leading to direct and indirect interactions
with different pro-inflammatory immune cells, causing a local or systemic inflammatory
milieu [51]. In addition, the α-granules can secrete platelet microbicidal peptides (PMPs)
that have direct anti-viral effects, for example, it has previously been shown that synthetic
PMPs have strong viricidal effects against vaccinia virus [52].

3.1.6. Platelets Act as Antigen Presenting Cells (APCs)

APCs require MHC-I molecules to present antigen to CD8+ T cells. There is evidence
now that platelets and megakaryocytes contain all the MHC-I and co-stimulatory molecules
necessary for antigen presentation including the entire proteome [53,54]. In addition, it
has been shown that platelets can successfully present ovalbumin and malarial antigens to
activate CD8+ T cells [55].

3.2. Arboviruses

Arthropod borne viruses (arboviruses) are viruses that are transmitted to humans
through arthropods, mainly mosquitoes and ticks. Some of these arboviruses, especially
flaviviruses, potentially cause hemorrhagic fever. In this section, we will discuss the most
prevalent arboviruses as well as potentially emerging arboviruses.

3.2.1. Dengue Virus

With an estimated 390 million annual infections, dengue virus (DENV) is the most
prevalent arbovirus worldwide [56]. Thrombocytopenia is a hallmark of severe DENV
infection and platelet levels are lower in DENV infected patients compared to other febrile
illnesses [57]. Severe thrombocytopenia <20 × 109/L occurs frequently in hospitalized
dengue patients, and is associated with prolonged admission, plasma leakage and the
presence of clinical warning signs [58,59]. Severe DENV infections with severe thrombocy-
topenia, hemorrhage and plasma leakage, occur more often in secondary DENV infection
compared to primary DENV infection, due to antibody-dependent enhancement [60–62].
Below, the many mechanisms for thrombocytopenia in DENV disease that have been
identified will be discussed.

Platelets can directly be activated by circulating DENV particles and by immune
factors released during the acute phase of DENV infection. This activation induces upregu-
lation of platelet adhesion molecules on the surface of vascular endothelial cells, causing
more indirect platelet activation [63,64]. Activated platelets undergo degranulation, attach
themselves to the vascular wall and form thrombi, effectively removing them from the cir-
culation, which results in thrombocytopenia. Despite this activation, platelets from dengue
patients are hyporesponsive to procoagulant stimuli in aggregometry assays, which is likely
the result of exhaustion [65]. This illustrates thrombocytopenia and platelet dysfunction go
hand in hand during DENV infection. The DENV NS1 protein interacts with both TLR 4
and TLR 2, expressed by platelets, leading to platelet activation, aggregation, adherence to
endothelial cells and phagocytosis by macrophages [66]. DENV can also activate platelets
via CLEC2, that in turn stimulate macrophages and neutrophils via CLEC5A and TLR 2.
Activated neutrophils subsequently form Neutrophil Extracellular Traps (NETs), provid-
ing a scaffold for prothrombotic factors, such as platelets, red blood cells and molecules
involved in both the intrinsic and extrinsic coagulation pathways. NETs also activate
platelets via TLR-4, creating a positive feedback loop between NETosis and platelet activa-
tion. These mechanisms contribute to thrombocytopenia, bleeding, vascular leakage and
lethality in mouse models of dengue hemorrhagic shock syndrome [66,67]. The formation
of platelet-monocyte aggregates in DENV infection has also been demonstrated and corre-
lates with thrombocytopenia and clinical signs of vascular leakage [68,69]. These platelets
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alter the monocyte’s innate immune response, by inducing production of IL-10 [68] and
inhibiting the production of interferon α [70]. Serotonin enhances DENV-mediated platelet
activation and is released by perivascular mast cells in a mouse model of DENV infection,
leading to thrombocytopenia, suggesting serotonin-blocking drugs might be beneficial [71].
Platelet activating factor (PAF) is another inducer of platelet aggregation and vascular
leakage elevated in plasma of acute dengue patients. A recent small phase II randomized
placebo-controlled clinical trial showed that Rupatadine, a licensed antihistamine with
PAF receptor blocking activity, is safe in acute dengue patients, but not clinically beneficial,
with no effect on nadir platelet counts [72].

In response to DENV infection, the immune system also depletes platelets through
direct cytotoxic effects. This occurs through complement factor C3 binding to the platelet
surface and opsonization of platelets by DENV NS1 specific IgG, leading to subsequent
phagocytosis by macrophages [73,74]. The observation that patients with severe DENV
infection have increased afucosylated IgG1 antibodies and that these antibodies can cross-
react with platelet antigens, further supports the notion that platelet-NS1 cross-reactive
antibodies contribute to the depletion of platelets during severe DENV infection [75].
Infusion of anti-NS1 IgG cannot elicit thrombocytopenia in mouse models. However, it
does enhance thrombocytopenia when administered during DENV infection. This could
indicate that platelet binding and destruction is mediated by IgG bound NS1 dimers,
rather than a direct interaction between cross-reactive IgG and platelets. This could have
implications for vaccine design [76,77]. Platelets upregulate their expression of Human
Leukocyte Antigen (HLA) class I molecules in the presence of DENV, suggesting a possible
role in viral antigen presentation and T cell mediated cytotoxicity as a mechanism for
thrombocytopenia [64].

A third mechanism is direct infection of platelets and megakaryocytes by DENV,
leading to viral replication, cell lysis and impaired production of platelets. DENV infects
platelets by binding DC-SIGN (CD209) and heparan sulfate proteoglycan (HSP) on the
platelet surface and indirectly via Fc receptor FcΥR2A (CD32), after binding of antibodies to
the virus particle [30]. The presence of DENV specific antibodies is not required for platelet
infection [78]. Especially during the viremic stage and in those patients with more severe
dengue, less DC-SIGN and FcΥR2A expression is detected on platelets when compared
to patients suffering from other febrile illnesses. The relation between this phenomenon
with thrombocytopenia has not been explored however and it is unclear whether the
presence of DENV particles in the blood could interfere with the binding of the detection
antibodies. There could also be a survival advantage of platelets with low DC-SIGN and
FCΥR2A expression [79]. DENV productively infects a megakaryoblast-like cell line, using
Glycoprotein Ib (GPIb) and was found circulating megakaryocyte-like cells in Rhesus
Macaques [80]. This suggests that DENV can infect mature megakaryocytes and impair
platelet production and survival through replication, although this has not been confirmed
in vivo [81].

3.2.2. Chikungunya virus (CHIKV)

Despite sharing many clinical characteristics with DENV, thrombocytopenia has only
been occasionally described in CHIKV infected patients [82]. In a cross-sectional study
of arbovirus infections in Pakistan, thrombocytopenia was observed in 18% of CHIKV
infections, compared to 74% in DENV. Furthermore, thrombocytosis was significantly
associated with CHIKV infection (OR 2.2) [83].

3.2.3. Crimean Congo Hemorrhagic Fever (CCHF)

CCHF is a tick-borne virus from the Bunyaviridae family that is associated with
pronounced thrombocytopenia, accompanied by bleeding complications [84]. CCHF cases
with bleeding have lower platelet counts and slightly raised platelet distribution width
compared to those who do not bleed [85]. A lower platelet lymphocyte ratio (PLR) upon
presentation to hospital care is predictive of adverse clinical outcomes in CCHF patients [6].

146



J. Clin. Med. 2021, 10, 877

3.2.4. Japanese Encephalitis Virus (JEV)

This vaccine preventable flavivirus has a wide distribution in eastern Asia. Although
central nervous system infection has a substantial mortality rate of 20–30%, most cases are
either asymptomatic or mild, without clinically overt signs of encephalitis [86]. A recent
prospective study performed in hospitalized patients with dengue-negative febrile illness
in Indonesia found that 6% had serological evidence of recent JEV infection. Thrombo-
cytopenia was common during the acute phase of illness in these non-encephalitic cases
(69%) but did not occur as frequently as dengue cases from the same study (92%) [87].

3.2.5. Severe Fever with Thrombocytopenia Syndrome (SFTS)

SFTS is an emerging infectious disease caused by a recently discovered Bunyavirus
that, as the name suggests, is associated with profound thrombocytopenia [88]. DC-SIGN,
which is expressed by human platelets, was identified as a receptor for Bunya viruses, but
no studies have shown virus entry or replication of SFTS in platelets [89]. A recent detailed
study in Chinese SFTS patients revealed a severity-dependent depletion of the essential
amino acid arginine due to arginase released by granulocytic Myeloid-derived suppressor
cells (gMDSC’s), which are recruited during the acute stage of the disease. The resulting lack
of both arginine and its metabolite, nitric oxide, are believed to disinhibit platelet activation,
leading to platelet aggregation, destruction and thrombocytopenia. A randomized, non-
controlled clinical trial was performed were arginine supplementation with best supportive
care was compared with supportive care alone. Whilst not demonstrating a statistically
significant survival benefit, platelet counts returned to normal more rapidly in the treatment
arm [90].

3.2.6. Tick-Borne Encephalitis Virus (TBEV)

TBEV is a flavivirus that is transmitted through bites of ticks and is prevalent in
Europe and northeastern Asia [91]. After initial viremia, the central nervous system may
become infected, which can result in severe neurological damage and occasionally death.
Like most other viruses that can enter the bloodstream, TBEV causes thrombocytopenia,
albeit generally mild and not typically associated with bleeding. A case–control study
in patients with suspected and confirmed central nervous system infections, reported a
decreased mean platelet count in TBE cases versus neuroborreliosis cases. However, the
mean platelet count (173.8 × 109/L) remained above the lower limit of normal in the TBE
group. In addition, platelet counts correlated positively with concentrations in serum of
IL-23, a cytokine secreted by dendritic cells, which is believed to stimulate essential host-
defense mechanisms against viruses [92]. This could indicate a role for IL-23 in stimulating
megakaryopoiesis during TBEV infection.

3.2.7. Viral Hemorrhagic Fevers (VHF)

The extreme containment precautions required to study the most highly pathogenic
VHF’s, such as Ebolavirus, Marburgvirus and Lassavirus, makes studying the interactions
of live virus with human platelets an expensive and labor intensive endeavor. Only a small
number of laboratories worldwide are equipped with biosafety level 4 facilities and only
two are located on the African continent, where most VHF infections occur [93]. Lym-
phocytic Choriomeningitis Virus (LCMV) is an arenavirus, which has sporadically caused
severe Lassavirus-like illness in humans. Its reservoir host is mice, who only develop
very mild disease. Experimental infections of mice with LCMV, after platelet depletion
treatment, however, result in a more severe VHF with uncontrolled viral replication and dis-
semination, similar to that observed in humans. The platelet-depleted mice had impaired
LCMV specific CD8+ T Cell responses. Severe disease and mortality only occurred in
mice whose platelet reduction treatment was initiated shortly before LCMV infection. This
may suggest that the innate antiviral response against LCMV requires platelets. However,
Interferon α and β production appeared to be unaffected by platelet depletion treatment,
indicating this part of the innate immune response had remained intact. Further examina-
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tion of the spleen in LCMV infected mice who underwent platelet depletion demonstrated
extensive disruption of the splenic architecture and cellular necrosis, which could be the
common mechanism of both the defective innate and T cell responses. These experiments
provided novel insights in the role of platelets in controlling VHF through protection of
splenic vascular integrity and the importance of this organ in mounting sufficient cellular
and innate immune responses to eliminate the virus [94].

3.2.8. West Nile Virus (WNV)

West Nile Virus (WNV) is a neurotropic flavivirus that mainly causes asymptomatic
infections, while severe complications such as meningitis or encephalitis can occur, but are
rare. WNV infections with hemorrhagic complications have sporadically been reported
but severe thrombocytopenia and hemorrhage typically do not occur during WNV infec-
tion [95]. A case of WNV transmission through a platelet transfusion unit from a donor
that tested negative on whole blood on the day of transfusion has been described, raising
the possibility that the virus may concentrate in platelets, although the platelet unit itself
was never tested [96].

3.2.9. Yellow Fever Virus (YFV)

Yellow fever virus (YFV) is a flavivirus that can be transmitted through Aedes
mosquitoes and other vectors and is endemic in Africa and the Americas but not in
Asia [97]. Even though there is an effective vaccine against YFV, annually several tens of
thousands of persons die of YFV infection in Africa [98]. Disseminated yellow fever is char-
acterized by hepatitis and hepatic failure, with resulting thrombocytopenia, deficiencies
in plasma coagulation factors, prolonged activated Partial Thromboplastin Time (aPTT)
and an elevated International Normalized Ratio (INR) [99,100]. A Brazilian retrospective
cohort study of patients suffering severe YFV infections, showed severe hemorrhagic com-
plications, mostly from the gastrointestinal tract. Despite this, only mild thrombocytopenia
was present, with a median platelet count of 74 × 109/L, indicating platelet consumption
as a result of hemorrhage, rather than thrombocytopenia-induced bleeding [100]. This is
supported by the presence of ischemic and hemorrhagic microvascular pathology upon
fundoscopic examination of hospitalized yellow fever patients, which correlate with the
degree of thrombocytopenia present, disease severity and markers for renal and hepatic
disease [101].

3.2.10. Zika Virus (ZIKV)

Like DENV, ZIKV is a flavivirus that is mainly transmitted through Aedes mosquitoes.
In 2015/2016, there was a large outbreak of ZIKV in the Americas, which led to an in-
crease in the incidence of Guillain-Barré syndrome in adults and congenital abnormalities
in newborns [102]. Seroprevalence studies indicate that, depending on the country and
location, up to 60% of inhabitants got infected with ZIKV during this outbreak [103–105].
A large prospective cohort study of ZIKV infected patients in Puerto Rico identified
thrombocytopenia (defined in this study as a platelet count below 100 × 109/L) in 1.2%
of confirmed cases. Only 25% of those had platelet counts below 20 × 109/L and 16%
had etiologies other than ZIKV infection [106]. Platelet counts below 150 × 109/L are
present in a small minority of ZIKV infections, although profound thrombocytopenia
has been described in fulminant cases, associated with bleeding, liver failure and other
coagulation disorders [107,108]. Most ZIKV patients have platelet counts between 150 and
300 × 109/L [109–111]. Thrombocytopenia on first diagnosis was significantly associated
with higher odds of hospitalization in a case series study of U.S. veterans with laboratory-
confirmed or presumptive ZIKV infection (OR 6.4, 95% CI 4.0–10.1) [3]. Suspected diagnosis
of de novo Immune Thrombocytopenic Purpura (ITP) has been reported in patients pre-
senting with severe thrombocytopenia during ZIKV convalescence, who responded to
treatment with corticosteroids, intravenous immunoglobulin (IVIG), or both [112–114].
Exacerbation of pre-existing ITP during the acute phase of ZIKV disease has also been
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described [115]. ZIKV infects monocytes, macrophages and dendritic cells, but is un-
able to propagate in megakaryocyte-differentiated human hematopoietic stem cells and
platelets [116]. Thrombocytopenia presents more often in DENV infections compared
to ZIKV and can be used to distinguish the two otherwise similar diseases to a limited
extent [117–119].

3.3. Blood-Borne Viruses
3.3.1. Hepatitis B and C (HBV and HBC)

Chronic hepatitis B and C virus infections are associated with hepatic cirrhosis, por-
tal hypertension, liver failure and hepatocellular carcinoma (HCC). Thrombocytopenia
is a predictor of such adverse outcomes, especially when combined in clinical scoring
systems with other parameters such as age, gamma-glutamyl transpeptidase, Alanine
and Aspartate aminotransferase [7–10,13–15,17,19,120–122] However, in individuals that
have already developed HCC, thrombocytosis carries a negative prognosis rather than
thrombocytopenia. Elevated platelet counts, when combined in a ratio with lymphocyte
counts (PLR), is a biomarker of malignant inflammation and elevation is predictive of a
poor prognosis in patients with HCC [123,124]. However, this marker does not appear to
have much added value when tumor size and histological parameters are known or in
patients with either no cirrhosis of very severe cirrhosis [11,125].

A likely explanation for the lower platelet counts observed in patients with hepatic
cirrhosis, including those with a non-viral etiology, is portal hypertension leading to
increased sequestration of platelets and red blood cells in the liver and spleen [126].

Another factor more specific to HBV and HCV infection could be increased platelet
activation and consumption due to chronic inflammatory processes caused by these viruses.
Mean platelet volume (MPV), a biomarker of platelet activation, was found to be increased
in patients with chronic hepatitis B infection, compared to controls with no documented
HBV infection [127]. Chronic HBV infection is also associated with a low platelet response
to clopidogrel, which could be due to platelet activation by the virus or changes in drug
metabolism caused by liver disease [128].

HBV and hepatitis Delta (HDV) co-infection also appears to lower platelet counts
compared to HBV mono-infection, independently of the severity of liver disease, though
the mechanism is unknown [129].

In hepatitis C infection, intravascular destruction of platelets is likely also mediated
by anti-platelet antibodies and ITP related to HCV has been reported in the literature [130].
In HCV infected patients, platelet auto-antibodies were more commonly identified as a
cause in mild (platelet count 126–149 × 109/L) thrombocytopenia, whereas decreased
megakaryopoiesis was a more prominent contributing factor in more severely (platelet
count < 100 × 109/L) thrombocytopenic patients [131].

Since both hepatitis B and C are blood-borne pathogens, a direct interaction between
these viruses and platelets is possible. Hepatitis C virus RNA appears more stable when
incubated with platelets than with platelet-free plasma, although there is no evidence of
replication [132]. Instead, platelets may shield the virus from complement, interferons,
cytokines, antibodies or other antiviral factors present in serum, perhaps through inter-
nalization. There have been reported cases of HCV infected patients with much higher
viral loads in the platelet compartment compared to plasma [130]. One study found that,
while HCV viral load was higher in plasma compared to platelets in patients before inter-
feron/Ribavirin treatment, some patients had detectable RNA in platelets after treatment,
but not in serum, resulting in relapse [133]. This could indicate that platelets and their
megakaryocyte precursors can provide a site for therapeutic drug and immune evasion,
either perhaps due to diminished response to interferons or a relative impermeability for
nucleoside analogues or both, while extrahepatic replication is of minor importance during
untreated HCV infection. The therapeutic relevance of this finding today is questionable
however, given the high curation rate that can be achieved using the novel direct antiviral
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agents that have become available. The effect of direct interactions between HCV and
platelets on platelet lifespan remains to be established.

3.3.2. Human Immunodeficiency Virus (HIV)

Thrombocytopenia is a common finding in HIV infection and HIV testing is part
of a routine evaluation for unexplained thrombocytopenia. Screening individuals with
thrombocytopenia and other so-called indicator conditions, has been shown to be a cost-
effective and more efficient compared to universal screening [20–22]. HIV as the underlying
cause for otherwise unexplained thrombocytopenia is frequently missed [23]. Decline of
platelet count over time in HIV patients has been associated with development of dementia
and reduced gray matter volume on MRI scans, although univariate and multivariate
analyses were not entirely consistent [134]. Several mechanisms for thrombocytopenia
in HIV infected individuals have been proposed and these will be discussed in more
detail below.

Chronically infected HIV patients, even when adequately suppressed with combina-
tion Anti-Retroviral Therapy (c-ART), have a substantially increased risk of developing
cardiovascular disease and deep venous thrombosis compared to HIV negative individu-
als. Platelet activation is believed to be a major driving factor behind this phenomenon.
Untreated HIV positive individuals have elevated platelet activation markers in plasma
compared to matched healthy controls, which positively correlate with viral load and
negatively with CD4+ T cell counts. In addition, platelets from HIV patients express more
oxidative stress-related proteins [135]. Studies investigating platelet morphology (MPV,
PDW) in HIV patients, report contradictory results [136,137]. Platelets can bind HIV-1 virus
through DC-SIGN and serve as a carrier, protecting virions in the circulation from antiviral
factors through formation of RBC-platelet aggregates [138]. Platelets may also become
activated after binding to HIV and release platelet factor 4 (PF4/CXCL4), from their α

granules, which has been shown to inhibit cell attachment and entry of several HIV-1
strains through binding of its main envelope glycoprotein, GP-120 [139]. PF4 and other
α-granule cytokines such as CCL5 likely also contribute to a chronic proinflammatory state
in HIV patients. Interestingly, HIV patients on c-ART who become infected with DENV,
were found to have milder disease and their platelets released less proinflammatory PF4
and CCL5 from α granules, likely resulting from previous HIV-associated depletion [140].

Very recently, platelets from long-term virologically suppressed HIV-infected individ-
uals were shown to contain infectious HIV-1, demonstrating its ability to infect platelets
and remain viable. Both viral RNA and proviral DNA of HIV was detected in bone marrow
megakaryocytes from these same individuals, indicating platelets may already be infected
upon formation. Platelets phagocytosis by macrophages was shown to lead to productive
infection in this cell type [141]. The effects of HIV-1 infection on the activation status
or lifespan of platelets were not investigated, meaning the role this mechanism plays in
thrombocytopenia in people living with HIV remains unclear.

Another factor contributing to the prothrombotic state of HIV patients is the induction
of platelet-monocyte aggregates (PMA) by the virus, which causes mutual activation of
these two cell types [142,143]. Monocytes expressing CD16 (nonclassical and intermediate
monocytes) appear to be primarily involved in the formation of PMA [144]. Electron
microscopy (EM) studies of PMA in HIV infected individuals show a maximum of 4 si-
multaneously attached platelets per monocyte [145]. However, a single monocyte is likely
capable of transiently interacting with many more platelets during its lifetime, leading
to platelet activation and cumulative loss over time. The formation of PMA is mediated
by binding of P-selectin on the platelet surface with P-Selectin Glycoprotein Ligand-1
(PSGL-1) on the monocyte surface. This leads to monocyte activation, including secretion
of proinflammatory cytokines and Tissue Factor (TF), which initiates the extrinsic coagula-
tion pathway. Monocytes may be able to downregulate PSGL-1 expression in response to
platelet binding, but this has not been definitively established [143]. HIV transactivating
factor (Tat) interacts with platelet integrin β3 and CCL3, resulting in the secretion of soluble
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CD40 ligand (sCD40L), a platelet activator [146]. Subsequently, activated platelets initiate
the formation of PMA [144,145]. The CD40L released, also increases B cell activation and
secretion of immunoglobulins in vitro and in vivo in mouse models, which has been as-
sociated with ITP in non-HIV infected individuals and could play a similar role in HIV
positives [147]. Platelets isolated from HIV patients secrete significantly more sCD40L
in response to stimulation compared to healthy controls. The same effect was seen for
other proinflammatory molecules, such as CCL5 and P-selectin expression. Patients who
are not on c-ART can also have diminished responses however, which is attributed to
exhaustion [148]. Overall, this evidence suggests that HIV infection sensitizes platelets
to procoagulant and proinflammatory stimuli, which in response release more procoag-
ulant and proinflammatory factors and induce monocytes to do the same. This creates
a positive feedback loop underlying chronic inflammation and risk of thromboembolic
complication. Although initiation of c-ART normalizes both platelet and monocyte activa-
tion markers in plasma within 12 weeks [149], these studies using isolated platelets and
monocytes demonstrate that virological suppression seems unable to completely disrupt
this inflammation-coagulation cycle present in people living with HIV.

3.4. Rodent-Borne Viruses
Hantavirus

Hemorrhagic Fever and Renal Syndrome (HFRS) caused by Eurasian hantaviruses
is associated with severity-dependent thrombocytopenia. The clinical characteristics of
the disease include both hemorrhagic and thrombotic complications. This suggests that
platelet consumption plays a significant role in the pathogenesis of thrombocytopenia. A
longitudinal study of 35 hospitalized HFRS patients with Puumala virus (PUUV) infection
revealed a biphasic pattern in platelet counts over time. This started with marked thrombo-
cytopenia upon first presentation to the clinic, followed by a rise to just below the upper
limit of normal approximately 2 weeks after symptom onset, and subsequent normalization
of platelet counts. Elevated plasma TPO levels, reticulated platelet counts and MPV (each
peaking at the platelet count nadir) suggest a compensatory myeloproliferative response to
an acute loss of platelets within the circulation during early infection. Ex vivo expression
of platelet surface activation markers was higher during the acute disease stage compared
to follow-up, although the opposite was found for in vitro stimulation assays, indicating
platelet exhaustion. Finally, patients who had signs of Disseminated Intravascular Coagula-
tion (DIC) or thrombosis during the disease had higher plasma platelet activation markers,
such as soluble P-selectin and soluble Glycoprotein IV (GP IV) compared to those who
had not [150]. Another longitudinal study measured Von Willebrand Factor, Fibrinogen,
fibronectin and A Disintegrin Additionally, Metalloproteinase with a ThromboSpondin
type 1 domain (ADAMTS13) concentrations in plasma of PUUV infected patients during
the acute and recovery phase. These factors where indeed elevated during acute disease
when compared to recovery. Thrombocytopenia was present in 15 out of the 19 patients
studied, but the exact numbers and how they correlate with the markers measured in
plasma is not described [151]. Furthermore, during the acute phase of PUUV infection
platelet aggregation appears impaired, especially when induced with thrombin, when
tested on impedance aggregometry. Platelet adhesive mechanisms on collagen are intact,
despite thrombocytopenia, while thrombopoiesis is active [152]. Potential mechanisms ex-
plaining the decrease in platelet count based on In vitro data include decreased production
due to bone marrow invasion and megakaryocyte infection [153] and binding of platelets
to infected endothelial cells [154].

3.5. Gastrointestinal Tract Viruses
3.5.1. Enteroviruses

Since the near-eradication of poliomyelitis, severe enterovirus infections have become
rare, typically causing mild cold-like illness in children and hand-foot and mouth disease.
Coxsackievirus infections occasionally cause myocarditis in adults, and Enterovirus 68
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has recently been implicated in episodes of acute flaccid myelitis in children. Thrombo-
cytopenia has been described in neonatal cases of coxsackievirus B3 (CoxV B3) infections,
both in Japan, with one case being related to secondary Hemophagocytic Lymphohistio-
cytosis (HLH) triggered by CoxV B13 [155,156]. A cross-al study of neonatal cases with
severe enteroviral infection in Japan demonstrated significantly decreased platelet and
WBC counts in Human Parechovirus 3 infections compared to RSV infected controls. In
addition, the Human Parachovirus 3 infected patients showed elevated plasma ferritin and
lactate dehydrogenase (LDH) levels, both compared to the RSV controls and infants with
other enterovirus infections. This may suggest an HLH-like illness secondary to this viral
infection [157]. Human platelets express the Coxsackie-Adeno Receptor (CAR), aCoxVB3
cell entry receptor. Whether this mechanism plays a role remains unclear, in particular
as the virus appears to be unable to replicate in platelets in vitro. However, platelets
become activated after incubation with CoxVB3, increasing their expression of P-selectin
and showing signs of apoptosis (i.e., increased phospatidylserine (PS) expression) [158].

3.5.2. Rotavirus (RotV)

Viral gastroenteritis is a major cause of child mortality in the developing world and
a significant burden on the healthcare system in developed countries [159]. Outbreaks
of norovirus and rotavirus frequently occur in childcare institutions and nursing homes,
where those most vulnerable to dehydration are affected. These infections are typically
limited to the gastrointestinal epithelium and rarely cause severe systemic disease with
involvement of multiple organs or severe inflammation. It is therefore not surprising that
thrombocytopenia is not a dominant clinical feature of viral gastroenteritis. Mean platelet
counts in children with rotavirus gastroenteritis are reported within the normal range and
not diverging from children with other viral causes of gastroenteritis [160]. It is important
to recognize both concentration and dilution effects of intravascular fluid shifts when
assessing platelet counts or other blood cell counts in patients with conditions such as
severe gastroenteritis or other critical illnesses.

3.6. Herpesviruses
3.6.1. Cytomegalovirus (CMV)

CMV is present in nearly all humans and remains latent for life after primary infection,
which is usually asymptomatic in immunocompetent hosts. In contrast, severe immune
suppression can lead to reactivation in later life leading most notably to CMV-mediated
enterocolitis, hepatitis, retitinis or encephalitis [161]. However, very little is known about
platelet counts during primary infection in immunocompetent hosts, because CMV in-
fection comes to the attention of clinicians only when these rare complications develop.
In vitro, CMV has been shown to interact with platelets through TLR-2. However, rather
than directly resulting in platelet aggregation, these activated platelets produce a proin-
flammatory response, form aggregates with leukocytes and increase their adhesion to
human vascular endothelial cells (HUVEC). Thus, in this model of CMV infection, platelets
act as an intermediary between the virus and circulating immune cells [39].

3.6.2. Epstein Barr Virus (EBV)

Like all other human herpesviruses, infection with EBV occurs in the majority of
the population at an early age. This leads frequently to a mild but sometimes protracted
viral symptomatic episode called infectious mononucleosis, which is followed by lifelong
latency. Occasionally reactivation occurs in immunocompromised hosts, most commonly
in organ transplant recipients. Recently, primary EBV infection has been associated with a
variety of auto-immune diseases, whereas latent EBV infection and reactivation plays a role
in the pathogenesis of Hodgkin’s lymphoma and B and T cell lymphoma’s, through poorly
understood mechanisms. EBV infection is also a well described trigger for secondary
Hemophagocytic Lymphohistiocytosis (HLH) [162].
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In the case of EBV reactivation, the relation with lymphoproliferative disorders is
important to keep in mind when evaluating a patient with thrombocytopenia, especially
when other cell-lineages are involved.

In cases of primary EBV infection, thrombocytopenia and hemolytic anemia are occa-
sionally also found and have been associated with the presence of platelet and erythrocyte
auto-antibodies. Typical of primary EBV infection is the production of heterophile antibod-
ies by naïve B cells that have become infected with latent-phase EBV [162]. Some of these
antibodies may be autoreactive and bind to platelets, leading to their destruction. Due to
EBV’s restriction to human hosts, well established animal models to study viral-platelet
interactions in vivo do not exist. However, experimental infections with the related murine
gammaherpesvirus 68 (γHV68) produce a mononucleosis-like illness in mice. This shows
a significantly reduced platelet count during the early latent replication phase (nadir 17
days post infection). In this model, thrombocytopenia was found to be the result of anti-
bodies induced by the infection and depended on viral latency, supporting the notion that
polyclonal antibodies produced by latently infected B cells include autoantibodies against
platelets [163]. This mechanism appears to be unique to EBV infection and is separate
from auto-antibodies induced by other viral infection, which is believed to be the result of
molecular mimicry between viral and self-antigens.

3.6.3. Human Herpesvirus 6 (HHV-6)

HHV-6 causes a near universal childhood illness, exanthema subitum, before en-
tering its latent stage. Reactivation is rare, and generally only occurs during profound
immunosuppression, such as during allogenic hematopoietic stem cell transplantation. In
this population, HHV-6 reactivation (defined as a positive PCR on blood samples) was
significantly associated with delayed platelet engraftment and the development of graft
versus host disease (GVHD) [164].

3.6.4. Varicella Zostervirus (VZV)

Primary VZV infection almost universally presents itself as a self-limiting childhood
illness, with more significant sequalae emerging later in life, ranging from common herpes
zoster to rare cases of severe disseminated disease. The latter is typically only found
in immunocompromised hosts, although not exclusively [165]. Typical Herpes Zoster
manifests itself as a vesicular cutaneous eruption restricted to one dermatome and is
most frequently seen in the elderly and patients who received chemotherapy for solid
or hematological malignancies. Herpes Zoster can have long-term sequalae, such as
post-herpetic neuralgia, but does not cause systemic disease and patients usually have
normal platelet counts [166]. Profound thrombocytopenia has been described in reports of
disseminated VZV infection, combined with DIC, hemorrhaging, ischemic strokes, ileus,
abdominal pain, hepatitis, meningoencephalitis and vasculitis [167–170]. The vasculitis is
believed to be caused by VZV infection of the arterial walls themselves and can be found
in arteries in various organs, including smaller cerebral arteries, where it is associated with
stroke [171]. Case series describing VZV related strokes report elevated platelet activation
markers, such as PF-4 and β-thromboglobulin levels in some patients [172]. Splenomegaly
with associated hypersplenism is a common feature of systemic herpesvirus infections,
which contributes to thrombocytopenia and sometimes leads to splenic rupture [173].
The differential diagnosis of thrombocytopenia during a VZV infection is broad, because
of comorbidity-related immune suppression, and includes immune thrombocytopenia,
drug induced thrombocytopenia [174] and bone marrow dysfunction, particularly if other
lineages are affected. First presentation or relapse of ITP has been reported during primary
VZV infection in adulthood [175,176]. A platelet count <200 × 109/L was found to be
predictive of a poor outcome in patients suffering from Ramsey Hunt Syndrome [2]. A large
prospective cohort study identified thrombocytopenia as an independent risk factor for
ICU admission in hospitalized children with VZV infection, although the rate of underlying
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hematological comorbidities and bacterial coinfections was high, suggesting VZV was not
the sole cause of this phenomenon [177].

3.7. Respiratory Tract Infections

A platelet count close to the lower reference limit is a common finding in more severe
viral respiratory tract infections [178]. Data on platelet counts in mild respiratory infections
are scarce, possibly due to the fact that these cases typically do not present to care and
blood counts are rarely performed. Interestingly, the literature reports thrombocytosis
in infants hospitalized with respiratory tract infections, especially RSV and rhinoviruses,
with platelet counts decreasing with age [179–181]. Platelet counts in patients with acute
exacerbations of heart failure who tested positive for respiratory viruses by PCR, did not
differ significantly from those who tested negative [182]. The lungs have recently been
found to host resident megakaryocytes, which contribute to platelet production [183].
Investigating the interactions between respiratory viruses and platelets could be key to
understanding the high rate of thromboembolic complications that arise during viral acute
respiratory distress syndrome (ARDS).

3.7.1. Adenoviruses (Adv)

Among viruses causing mild upper respiratory tract infection, adenoviruses appear
to be most studied in relation to platelets. Coxsackie and Adenovirus receptor (CAR) is
the receptor adenoviruses use for cellular attachment. Expression of this receptor has
been reported in healthy human platelets, albeit at a very low frequency (3.5%) [184].
In vitro studies where platelet rich plasma was incubated with very high concentrations of
human adenovirus 3 and 5, showed a moderate increase in platelet aggregation and platelet
activation marker expression, with uptake of adenovirus 5 by platelets demonstrated using
EM [185,186]. Since natural infection in humans is unlikely to expose platelets to the high
viral titers used in these incubation experiments, the clinical relevance for this finding
is mostly related to the potential future use of adenoviruses for gene therapy purposes.
Indeed, cancer patients experimentally treated intravenously with oncolytic adenovirus
where serially sampled to determine relative abundance of viral DNA in various blood
cell populations. Although very little platelet-associated virus was found in vivo, in vitro
experiments where whole blood was incubated with the studied adenoviruses revealed
a large proportion of virus bound to platelets. Given the thrombocytopenia observed
during adenovirus-based treatments, this discrepancy could be the result of a survival
disadvantage of adenovirus bound platelets in the circulation [187].

3.7.2. Influenza Virus (IAV/IBV)

Influenza virus infection is associated with a severity-dependent thrombocytopenia.
Pediatric outpatients with confirmed IAV or IBV infection showed slightly, though signif-
icantly, lower mean platelet counts compared to asymptomatic controls. Children with
influenza-like illness who were IAV and IBV PCR negative had platelet counts in between
the confirmed positive and healthy groups, and platelet counts could not reliably distin-
guish between influenza positive and negative children [188]. In adults, severe influenza
infection is accompanied by an increased risk of pulmonary thromboembolisms and car-
diovascular events (Sellers, 2017 #1) suggesting platelet activation occurs during infection.
Whole-blood transcriptome studies have found gene expression signatures in patients
during H1N1 infection that are associated with a poor response to antiplatelet agents.
Conversely, patients undergoing coronary catheterization that had a gene expression sig-
nature associated with viral infection, where more likely to have a confirmed myocardial
infarction compared to those that did not express this signature [189]. Pathogenic H3N2
and H1N1 strains are capable of infecting pulmonary vascular endothelial cells, which
increases platelet adhesion to both infected and nearby uninfected cells through interaction
between endothelial fibronectin and platelet integrins [190]. Various influenza A strains
cause thrombocytopenia in experimentally infected ferrets, with highly pathogenic strains
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(H5N1) showing a stronger decrease compared to moderate (H1N1) or mildly pathogenic
(H3N2) strains. In addition, these viruses are capable of directly infecting platelets in vivo
through binding of sialic acids on glycans on their cell surface. EM imaging has demon-
strated the ability of platelets to phagocytose influenza virus particles. This infection of
platelets results in their activation, aggregation and subsequent clearance from the circula-
tion. Interestingly, desialylation of platelet glycans by viral neuraminidase is hypothesized
to reduce the lifespan of affected platelets through increased hepatic clearance [191]. In-
fluenza virus can also interact with platelets through TLR7, which leads to the formation of
platelet-neutrophil aggregates and neutrophil NETosis, through complement (C3) secreted
by the platelets [192]. Immune-complexes of antibodies against influenza virus are also
capable of activating platelets through an interaction with the Fc-ΥIIA receptor present on
the platelet surface, leading to thrombocytopenia in a humanized mouse model. These
findings, combined with reported influenza vaccine induced ITP, point to a link between
influenza virus-specific adaptive immunity and thrombocytopenia [193–195].

3.7.3. Measles Virus (MV)

Likely the most contagious virus known to affect humans, this virus first infects the
respiratory tract and subsequently spreads to lymphoid organs, infecting lymphocytes,
including memory B and T cells [196]. A highly effective vaccine has been available
for several decades, yet immunization programs have not been able to reach sufficient
coverage to eradicate the disease, leading to sporadic outbreaks [197]. Studies published
in the past 10 years describing natural infection in adults report mild leukocytopenia and
thrombocytopenia as a frequent finding, occasionally with minor bleeding complications,
but no thromboembolisms [198–200]. A link between Subacute Sclerosing Panencephalitis
(SSPE), a late complication of Measles caused by persistence of MV in the brain, and ITP has
been proposed, based on the co-occurrence of both extremely rare diseases in 3 pediatric
cases [201]. This is further supported by an increased incidence of ITP after MV vaccination,
where platelet binding anti-MV (and anti-rubella) IgG and IgM was demonstrated [202].

3.7.4. Parvovirus B19 (PVB-19)

While best known as a mild, self-limiting childhood illness (fifth disease), PVB-19 can
occasionally cause more severe disease, especially during pregnancy, resulting in hydrops
fetalis. Due to its tropism for erythroid progenitor cells and megakaryocytes, fetal PVB-19
infection causes severe anemia and thrombocytopenia, requiring Intrauterine Transfusion
(IUT) of platelets and erythrocytes in some cases [203,204]. While most severe and best de-
scribed in fetal infections, PVB-19 can also cause thrombocytopenia, anemia, leukopenia or
pancytopenia in children and adults [205–208]. A retrospective cohort study reports PVB19
infection in children undergoing chemo- and radiation therapy for non-hematological ma-
lignancies increases the risk of thrombocytopenia and transfusion of blood products [209].
A similar study comparing malignant and nonmalignant hematological disease in a pe-
diatric population found that PVB-19 DNA positivity was not associated with a higher
risk of transfusion, but the number of platelet transfusion units administered per patient
was over 3-fold higher in PVB-19 DNA positive patients [210]. PVB-19 is also able to infect
myocardial tissue, leading to clinical myocarditis and dilated cardiomyopathy. This raises
the question whether PVB-19 is also capable of infecting vascular endothelium and cause
vasculitis and platelet adhesion to infected vessel walls. A case–control study exploring
differences in microparticle (MP) profiles in the peripheral circulation of patients with
myocarditis caused by PVB-19 versus other causes, found significant increases in apoptotic
endothelial, platelet and leukocyte-derived MPs in PVB-19 mediated disease. This suggests
that, in addition to impaired hematopoiesis, PVB also causes platelet destruction and vas-
cular damage [211]. In vitro studies suggest PVB-19 nonstructural protein 1 (NS1) causes
endothelial activation, upregulation of adhesion molecules and an increase in platelet and
monocyte binding [212].
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3.7.5. Respiratory Syncytial Virus

Severe respiratory infections with RSV occur mainly in children, the immunocompro-
mised and those with underlying pulmonary disease [213]. In contrast to other respiratory
infections, thrombocytosis rather than thrombocytopenia appears to be a common phe-
nomenon found during acute RSV disease [181]. In vitro experiments demonstrate a
reduction of monocyte RSV infection when platelets are added to the culture, possibly
by binding and internalization of RSV. Platelets increase surface P selectin expression in
the process, but why this would lead to thrombocytosis rather than thrombocytopenia is
unclear [214].

3.7.6. SARS Coronavirus 2 (SARS-CoV-2, COVID-19)

The literature cited in this part of the review was updated shortly before submission
to include the high volume of scientific work that has been published on this virus, which
has caused a pandemic of severe pneumonia of historical proportions. Besides bilateral
pneumonia, critical COVID-19 cases are characterized by multi-organ disease [215], and
a remarkably high incidence of pulmonary embolisms [216,217]. Several mechanisms
involving hypercoagulability and inflammation interact resulting in thrombotic phenomena
both in the microvasculature and in the larger, mostly pulmonary blood vessels [218].

In fact, upon autopsy these embolisms were found to be mainly composed of platelets,
fibrinogen and neutrophils [219–221]. Another typical finding during autopsy of deceased
COVID-19 patients is the presence of widespread microvascular thrombosis in both pul-
monary and extrapulmonary vessels, including in patients without true thromboembolisms,
indicating a systemic prothrombotic state [220].

A low to low-normal platelet count is present during peak symptomatic illness, with
increased MPV and PDW, and expression of surface activation markers [222,223]. However,
one study identified subpopulations of platelets with a downregulated phenotype, which
were highly enriched in severe, but not in intermediate COVID-19 cases, suggesting
exhaustion of circulating platelets [220]. The total platelet population from these patients
still showed hyperresponsiveness to procoagulant stimuli in vitro, likely driven by a
hyperactive minority that was also present. This hyperresponsiveness was also found
in other studies [224]. Some clinical studies report that thrombocytopenia is associated
with increased mortality [4,5], whereas other do not [215,225]. This discrepancy might
depend on disease severity, comorbidities or the type of care provided. For example, a well-
defined cohort of mechanically ventilated critically ill patients showed that daily platelet
concentrations were not associated with intensive care unit survival [215]. However, this
observation does not exclude a role for platelet (dys)function in immunothrombosis. Other
coagulation-related markers during acute illness show strongly elevated levels of D-dimers
and fibrinogen degradation product (FDP), normal to slightly prolonged PT, APTT, elevated
plasma viscosity and coagulability and normal to mildly increased INR [5,12,222,223].
Whether these markers have diagnostic or prognostic value requires investigation and
might differ along the course of infection depending on disease severity, comorbidities
and type of care provided. Platelet counts appear to rise slowly over the course of the
disease, which coincides with a sharp peak in IL-6, suggesting this cytokine may play
a role in the thrombopoietic response [220]. Plasma TPO levels are elevated in severe
COVID-19 patients, but gene expression of its receptor, c-MPL is decreased, suggesting
desensitization of the bone marrow as an additional mechanism for thrombocytopenia
in COVID-19. When thrombocytopenia is present, it is often accompanied by relative
deficiencies in other myeloid and lymphoid cell lineages [226,227], which could indicate
bone marrow displacement caused by a proliferative response to hyperinflammation, either
as a toxic effect of cytokines to progenitor cells in the bone marrow or a result of homing to
inflamed tissues and extravasation.

Considerable work within a relatively short timespan has been done unraveling the
mechanisms through which SARS-CoV-2 infection causes platelet activation. One study
shows that platelet activation in severe COVID-19 is associated with detectable viral RNA
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in blood. Furthermore, the viral Spike protein enhanced platelet activation, aggregation,
thrombus formation and degranulation in vitro and in a mouse model. This effect was
only seen when the full Spike protein or its ACE-2 binding S1 subdomain were used,
not the S2 domain. This suggests that ACE-2 signaling mediates this platelet activation.
Further analysis of intracellular messaging points towards involvement of the MAPK
signaling pathway. The same study confirmed expression of ACE-2 in human platelets
using immunofluorescence [223]. However, another study did not detect any ACE-2 mRNA
or protein expression in COVID-19 patients by RNA-seq, qPCR or Western blot [224]. To
date, no study has demonstrated SARS-CoV-2 internalization by platelets.

It is also clear that platelets influence the host immune response to SARS-CoV-2.
Platelet gene expression profiles in severe and critically ill COVID-19 patients showed
shared pathways with sepsis and Influenza H1N1 infection. These show related antigen pre-
sentation and immune regulation, including differential expression of interferon-induced
transmembrane protein 3, which has antiviral properties [224]. The formation of platelet-
leukocyte aggregates was also found, with neutrophil-platelet aggregates correlating with
the severity of lung injury and leading to the formation of NETs [220,221,224,228,229].
Similar to observations in HIV and DENV, platelet-monocyte complexes are formed in
severe COVID-19 patients via platelet P-selectin, which results in overexpression of Tissue
Factor on the monocyte surface, the key initiator of the extrinsic coagulation pathway [230].

As with many other viral infections, reports have been published of cases of ITP
associated with COVID-19 infection, including one case of Evans syndrome [231]. An-
other case report illustrates the importance of performing a peripheral blood smear in
COVID-19 patients with severe thrombocytopenia to exclude EDTA dependent pseudo-
thrombocytopenia [232].

4. Conclusions

The topic of thrombocytopenia in viral infectious diseases has been actively studied
for many decades, with the last 10 years yielding many new insights. A scientific field com-
bining the disciplines of virology, hematology and increasingly immunology is revealing
a complex system of interactions between various viruses, the coagulation cascade and
the innate and adaptive immune system. Increasingly, platelets are regarded as part of the
immune system, in addition to being capable of forming blood clots. The rapidly changing
world of viruses ensures that this field is constantly forced to adapt to new outbreaks and
is therefore equally dynamic. The current COVID-19 pandemic has brought platelet-virus
interactions to the forefront, with many publications addressing this topic being available
within a year after the SARS-CoV-2 virus first emerged.

The absence of research on the “classical” hemorrhagic fevers, such as Ebola, Lassa
and Marburgvirus, has been notable however, despite two large outbreaks of Ebola oc-
curring in the last decade. The high level of biological containment required to safely
study these viruses, combined with the extremely resource-limited settings in which these
outbreaks occurred make doing research into these viral diseases extremely challenging.
Nonetheless, significant progress has been made in preventive and therapeutic interven-
tions for Ebolavirus, with the successful trials of several vaccines, [233] antiviral drugs and
monoclonal antibodies [234].
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DENV, another viral infection disproportionately affecting people in resource limited
settings, was the virus we found most publications about in relation to platelets in the
past decade. This is not surprising, given the considerable role platelets play in the
pathophysiology of severe disease and the enormous public health burden associated with
the virus. Despite the considerable knowledge gained, this has so far not been translated
into clinically effective interventions. However, we did find several studies investigating
therapeutics aimed at modifying platelet function in DENV infection, which will hopefully
bear fruit in the coming decade.

Looking in detail at the interactions between viral infections and platelets revealed
several common pathways connecting inflammation and platelet activation, which has
been termed “Immunothrombosis”. This is a term which has not yet been clearly defined
as a clinical or pathological entity and has some overlapping features with DIC, with the
main clinical difference being the absence of significant bleeding. COVID-19 may provide
us the opportunity to increase our overall understanding of thrombocytopenia in viral
infections and perhaps to study a new dimension of immunothrombosis which could be
translated to other viral infections. It is especially important to gain more understanding
about which interventions could aid in reducing the morbidity and mortality related to
immunothrombosis. As platelet dysfunction is often accompanied by an increased risk of
both bleeding and thrombosis, approaching this issue with conventional anticoagulants
often involves having to choose the lesser of two evils. Immunomodulation therapy is a
rapidly evolving field, with many newly available therapeutics, most of which have not
yet been trialed in viral infectious diseases. This approach warrants further study, but
here caution is also advisable, given the possibility that some mechanisms involved in
immunothrombosis are required in the antiviral response in the host.
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Abbreviations

Abbreviation Meaning
ACE Angiotensin Converting Enzyme
ADAMTS13 A Disintegrin And Metalloproteinase with a ThromboSpondin type 1 domain
AdV Adenovirus
APC Antigen Presenting Cell
aPTT activated Partial Thromboplastin Time
ARDS Acute Respiratory Distress Syndrome
CAR Coxsackie-Adeno Receptor
c-ART combination Anti-Retroviral Therapy
CCHF Crimean Congo Hemorrhagic Fever
CCL Chemokine Ligand
CD Cluster of Differentiation
CHIKV Chikungungya Virus
CLEC C-type Lectin
c-MPL Myeloproliferative Leukemia Protein
CMV Cytomegalovirus
COVID-19 Coronavirus Disease 2019
CoxV Coxsackie virus
DC-SIGN Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin
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DENV Dengue Virus
DIC Disseminated Intravascular Coagulation
DNA Desoxyribonucleic Acid
EBV Ebstein Barr Virus
EDTA Ethylenediaminetetraacetic acid
EM Electron Microscopy
FcΥR2A Fc Gamma Receptor 2a
FDP Fibrinogen Degradation Product
FGF-4 Fibroblast Growth Factor
GM-CSF Granulocyte-Monocyte Colony Stimulating Factor
gMDSC Granulocytic Myeloid-derived suppressor cell
GP Glycoprotein
GVHD graft versus host disease
HBV Hepatitis B Virus
HCC Hepatocellular Carcinoma
HCV Hepatitis C Virus
HDV Hepatitis Delta Virus
HFRS Hemorrhagic Fever and Renal Syndrome
HHV-6 Human Herpesvirus 6
HIV Human Immunodeficiency Virus
HLA Human Leukocyte Antigen
HLH Hemophagocytic Lymphohistiocytosis
HSP Heparan Sulfate Proteoglycan
HUVEC human vascular endothelial cells
IAV/IBV Influenza A/B Virus
ICU Intensive Care Unit
Ig Immunoglobulin
IL Interleukin
INR International Normalized Ratio
ITP Immune Thrombocytopenia
IUT Intrauterine Transfusion
IVIG Intravenous Immunoglobulin
JEV Japanese Encephalitis Virus
LCMV Lymphocytic Choriomeningitis Virus
LDH Lactate Dehydrogenase
MHC Major Histocompatibility Complex
MPV Mean Platelet Volume
MRI Magnetic Resonance Imaging
MV Measles Virus
NET Neutrophil Extracellular Trap
NS1 Nonstructural Protein 1
OR Odds Ratio
PAF Platelet Activating Factor
PAMP Pattern Associated Molecular Pattern
PAR Protease Activating Receptor
PCR Polymerase Chain Reaction
PDW Platelet Distribution Width
PF4 Platelet Factor 4
PLR Platelet Lymphocyte Ratio
PMA Platelet-Monocyte Aggregate
PMP Platelet Microbicidal Peptides
PRR Pattern Recognition Receptor
PS phospatidylserine
PSGL-1 P-Selectin Glycoprotein Ligand-1
PT Prothrombin Time
PUUV Puumala virus
PVB-19 Parvovirus B19
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RBC Red Blood Cell
RNA Ribonucleic Acid
RotV Rotavirus
RSV Respiratory Syncytial Virus
SARS-CoV-2 SARS Coronavirus 2
sCD40L soluble CD40 ligand
SDF-1 Stromal Derived Factor 1
SFTS Severe Fever with Thrombocytopenia Syndrome
Tat Transactivating factor
TBEV Tickborne Encephalitis Virus
TF Tissue Factor
TLR Toll-Like Receptor
TPO Thrombopoietin
VHF Viral Hemorrhagic Fever
VZV Varicella Zoster Virus
WBC White Blood Cell
WNV West Nile Virus
YFV Yellow Fever Virus
ZIKV Zika Virus
γHV68 murine gammaherpesvirus 68
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91. Ruzek, D.; Avšič Županc, T.; Borde, J.; Chrdle, A.; Eyer, L.; Karganova, G.; Kholodilov, I.; Knap, N.; Kozlovskaya, L.; Matveev, A.;
et al. Tick-borne encephalitis in Europe and Russia: Review of pathogenesis, clinical features, therapy, and vaccines. Antivir. Res.
2019, 164, 23–51. [CrossRef]

92. Moniuszko, A.; Pancewicz, S.; Czupryna, P.; Grygorczuk, S.; Świerzbińska, R.; Kondrusik, M.; Penza, P.; Zajkowska, J. ssICAM-1,
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Abstract: Platelets are active key players in haemostasis. Qualitative platelet dysfunctions result in
thrombocytopathies variously characterized by defects of their adhesive and procoagulant activation
endpoints. In this review, we summarize the traditional platelet defects in adhesion, secretion, and
aggregation. In addition, we review the current knowledge about procoagulant platelets, focusing on
their role in bleeding or thrombotic pathologies and their pharmaceutical modulation. Procoagulant
activity is an important feature of platelet activation, which should be specifically evaluated during
the investigation of a suspected thrombocytopathy.

Keywords: thrombocytopathy; platelet disorders; procoagulant platelets; activation endpoints

1. Introduction

Platelets or thrombocytes are small (2–5 μm) discoid anucleated cells produced by
megakaryocytes. They are released in the blood stream where they circulate for 7–10 days
to be eventually cleared by the spleen and the liver [1]. Platelets are responsible for main-
taining the integrity of the vascular system, are active key players of primary haemostasis
and enhance coagulation. Consequently, platelet disorders cause defective clot formation
that may induce a bleeding or thrombotic diathesis.

Platelet disorders can be either inherited or acquired and are characterized by (i)
quantitative defects, with an abnormal number of circulating platelets, either high (throm-
bocytosis) or low (thrombocytopenia); and/or (ii) qualitative platelet dysfunctions (throm-
bocytopathies) [2].

Thrombocytopathies may be induced either by extrinsic (e.g., systemic disease or medi-
cation) or by intrinsic factors [3,4]. In this review, we summarize intrinsic platelet anomalies
resulting in defects of the various traditional activation endpoints, such as adhesion and
aggregation (See Section 2), and we offer an in-depth and complete overview of the accumu-
lating evidence for the physiological and clinical role of procoagulant platelets as an alter-
native, increasingly recognized critical endpoint of platelet function (see Sections 3 and 4).

2. Platelet Activation End-Points and Related Defects

At the site of vascular damage, platelets interact with exposed adhesive agonists such
as von Willebrand factor (VWF) and collagen. VWF binds to the platelet glycoprotein (GP)
Ib-IX-V complex tethering platelets at the site of vessel wall injury. Collagen interacts with
integrin α2β1 (also named GPIa/IIa) for adhesion and GPVI to initiate platelet activation.
Soluble agonists, such as thromboxane A2 and adenosine diphosphate (ADP) subsequently
amplify activation. Endpoints following platelet activation are characterized by: (1) shape

J. Clin. Med. 2021, 10, 894. https://doi.org/10.3390/jcm10050894 https://www.mdpi.com/journal/jcm

175



J. Clin. Med. 2021, 10, 894

change, (2) secretion of soluble agonists and granule content enhancing the activation
process, (3) change of GPIIb/IIIa conformation to bind fibrinogen, which sustains platelet
aggregation, and/or (4) externalization of negatively charged amino-phospholipids con-
tributing to platelet procoagulant activity (Figure 1) [5–7]. Because of the three-dimensional
configuration of the growing thrombus, platelets are differently exposed to agonists result-
ing in heterogeneous activation profiles [8]. Common examples of the pathophysiology are
described below for each activation endpoint.

Figure 1. Principal Activation Endpoints During Platelet Activation. At first, platelet receptors interact with adhesive
agonists exposed at the site of lesion: von Willebrand factor (VWF) binds to glycoprotein (GP) Ib-IX-V complex and collagen
interacts with integrin α2β1 for adhesion and GPVI to mediate platelet activation. These first interactions initiate platelet
response. Soluble agonists released by either activated platelets or injured tissue amplify platelet response and activation.
These agonists induce proper receptor activation and their signalling converge to activate a core set of intracellular signalling
pathways leading to various activation endpoints, such as shape change and formation of pseudopodia, secretion of
α-granule and dense granule content, activation of GPIIb/IIIa sustaining platelet aggregation, and externalization of
negatively charged amino-phospholipids, contributing to platelet procoagulant activity (thrombin generation).

2.1. Adhesion

Under normal physiological conditions, the endothelium does not provide an adhesive
surface for platelets. However, in the presence of vascular damage, the sub-endothelial
matrix and/or layer(s) become exposed, revealing collagen and tissue factor, which are
powerful haemostatic activators. The main function of platelet receptor GPIb-IX-V is
to mediate the initial adhesion of circulating platelets to VWF adhered on the exposed
collagen [9]. Four subunits compose the GPIb-IX-V complex: GPIbα, GPIbβ, GPIX, and
GPV (encoded by four different genes GPIBA, GPIBB, GP9, and GP5) [10,11]. The N-
terminal domain of GPIbα subunit has a binding site for VWF, which acts as a bridge
between platelets and the fibrils of collagen in the sub-endothelial matrix and/or layer(s).
This interaction is particularly important in the presence of high shear stress, in order to:
i) slow down platelets in the blood stream, ii) recruit them to the site of the injury and
iii) initiate the signalling cascades that will lead to platelet activation [12]. In addition to
VWF, the same N-terminal domain of GPIα offers a binding site for multiple ligands, which
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are critical for normal or pathological haemostasis. For instance, the GPIb-IX-V complex
binds to P-selectin [13] (which is present on activated platelets and endothelial cells) and
to leukocyte integrin aMB2 [14], thus regulating both the recruitment of leukocytes at the
site of vascular injury [15] and the complex interactions between platelets and leukocytes
in thrombosis and response to inflammation [16]. In addition, the GPIb-IX-V receptor
has procoagulant functions, since it mediates platelet dependent coagulation through the
binding of α-thrombin, coagulation factors XI (FXI) and XII (FXII), and high molecular
weight kininogen [17]. Finally, The GPIb-IX-V complex is anchored to the actin filaments
of the platelets’ cytoskeleton through the binding of GPIbα cytoplasmic tail to filamin
A [18]. This interaction is important for maintaining platelet shape and stability [19,20].
Defects and/or dysfunctions of this multitasker receptor have major consequences in
platelet functions.

2.1.1. Bernard-Soulier Syndrome

Bernard Soulier Syndrome (BSS) is an inherited bleeding disorders characterized by
bleeding tendency, macro-thrombocytopenia, and defective ristocetin-induced platelet
agglutination [21–23].

Clinical features of patients with BSS are non-specific and characterized by epistaxis,
mucocutaneous and post trauma bleedings, and severe menorrhagia in females [17,24].

In most patients, BSS has an autosomal recessive pattern of inheritance, but rare forms
with autosomal dominant pattern are also known [25,26]. A large number of mutations
(missense, nonsense or deletions) in genes GPIBA, GPIBB, and GP9 (but not in GP5 [27])
have been mapped and found to be causative of BSS [17,24]. In fact, these genes (GPIBA,
GPIBB, and GP9) are required to express efficiently the functional GPIb-IX-V complex at the
platelets’ surface. In BSS platelets, the GPIb-IX-V complex is either low, absent or dysfunc-
tional (i.e., unable to bind VWF). Thus, in BSS platelets, the normal interaction of GPIbα
with VWF is abolished and platelets’ adhesion to the sub-endothelium is impaired [28].
In addition, BSS platelets show other characteristics, such as an increased membrane de-
formability, a poor response to low doses of thrombin, and a decreased ability to support
thrombin generation [29–31]. All these features can be related to the absence/dysfunction
of GPIb-IX-V complex [17].

The clinical suspicion of BSS has to be confirmed by different laboratory investi-
gations. A variable degree of thrombocytopenia (platelet count range: <30 × 109/L to
normal [22,24]) might be observed, with a blood smear revealing abnormally large or
irregularly shaped platelets (even in patients with normal platelet count) [32,33]. The
closure time measured by the platelet function analyser (PFA-100/200) is increased and the
bleeding time prolonged [34,35]. However, the sensitivity of PFA-100/200 assay depends
on the severity of the defect [15,36], which implies further investigations (aggregometry
and/or flow cytometry) to establish an accurate diagnosis. The VWF-dependent agglutina-
tion measured in the presence of ristocetin by light transmission aggregometry (LTA) is
defective in homozygous BSS platelets (but normal in heterozygous form) [33]. Of note,
this defect will not be rescued by the addition of normal plasma, which distinguishes BSS
from von Willebrand disease (VWD) [35,37]. In vitro aggregation of BSS platelets in re-
sponse to epinephrine, ADP, collagen, and arachidonic acid is normal, but a slow response
is observed with low doses of thrombin [33]. The expression of GPIb-IX-V complex at
the platelet surface can be assessed by flow cytometry. The specific antibody anti-CD42b
directed against GPIbα is reduced or absent in BSS platelets, while the expression of CD41
(GPIIb) and CD61 (GPIIIa)–the two components of the fibrinogen receptor (also named in-
tegrin αIIbβ3)–is normal [32,38]. Finally, in BSS platelets, the expression of GPIb-IX-V could
apparently be normal because of the enlarged surface of the platelets, but the ratio between
GPI-IX-V and GPIIb-IIIa will always be decreased compared to normal platelets [33].
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2.1.2. Platelet Type von Willebrand’s Disease

Platelet type pseudo-von Willebrand’s disease (PT-VWD) is a rare autosomal dominant
disorder with a mild to moderate bleeding phenotype, intermittent thrombocytopenia, and
enlarged platelets.

PT-VWD is characterized by mutations in GP1BA [39], which enhance the affinity of
the surface glycoprotein GPIbα for the VWF multimers. As a result, spontaneous binding
of high molecular weight VWF to platelets occurs in vivo, leading to platelet clumping and
increasing platelet clearance [40]. This causes thrombocytopenia and removal from plasma
of the largest VWF multimers (which have the greatest haemostatic capacity), leading to an
increased bleeding risk.

At laboratory work-up, patients with PT-VWD often have a prolonged bleeding time
and platelet clumping can be observed on blood smears. The response of PT-VWD platelets
to low doses of ristocetin is enhanced and the VWF multimers analysis (which assesses
concentration and distribution of VWF multimers in plasma) shows loss/reduction of the
largest VWF forms. PT-VWD phenotype is very similar to type 2B VWD. However, in
type 2B VWD, the defect lies in the VWF molecules, which have an increased affinity for
platelets. Differential diagnosis is fundamental for the correct therapy of PT-VWF or VWD
2B patients. The two conditions can be distinguished by (i) ristocetin induced platelets
agglutination (RIPA) mixing experiments, (ii) cryoprecipitate challenge, and (iii) flow
cytometry. In the RIPA assay, washed or gel-filtered platelets from the patient are mixed
with normal plasma and vice versa (i.e., normal platelets are mixed with patient plasma) in
presence of low dose ristocetin. Washed/gel-filtered platelets from PT-VWD patients (but
not VWD 2B platelets) will agglutinate in normal plasma (because of the abnormal GPIbα
avidity for VWF characteristic of PT-VWD) and washed/gel-filtered normal platelets will
aggregate in the presence of VWD 2B plasma (containing the hyper-adhesive VWF) [41,42].
Of note, in the negative control (washed/gel-filtered platelets + plasma from a healthy
donor) there is no aggregation at low doses of ristocetin. The cryoprecipitate challenge [43]
consists in the addition of high concentrate normal VWF to platelets, which causes PT-VWF
spontaneous aggregation, but not for VWD 2B platelets; however, false positive results have
been observed among VWD 2B patients [44] and this test is not included in the diagnostic
algorithm proposed for PT-VWD diagnostic work-up [45]. A flow cytometry method able
to highlight the increased affinity of VWF for GPIbα and to discriminate between PT-VWD
and VWD 2B through mixing tests has also been proposed [46]. Finally, the identification
of mutations in the GPIBA gene will confirm the diagnosis of PT-VWD [45].

2.2. Secretion

The secretion of bioactive molecules is one of the characteristics of platelet activation.
Once a platelet agonist has engaged its corresponding platelet surface receptor, a signal
transduction takes place, leading to a short-time increase of intracellular calcium, which
promotes platelet shape change, fusion of platelet granules with the plasma membrane
and consequent release of platelet contents [47]. Platelets contain three major types of
granules, which are in order of abundance, α-granules (50–80/platelet), dense-granules
(3–8/platelet), and lysosomes (1–3/platelet) [48]. α- and dense-granules seem to derive,
like lysosomes, from multivesicular precursors [49–51]. The content of α-granules con-
sists of a large variety of proteins, such as adhesive molecules (e.g., fibrinogen, VWF,
fibronectin, P-selectin), coagulation factors (e.g., FV, FIX, FXIII), anticoagulants (e.g., an-
tithrombin), fibrinolytic proteins (e.g., plasminogen), and growth factors, immune medi-
ators, and integral membrane proteins (e.g., αIIbβ3, P-selectin) [52,53]. Thus, α-granule
proteins can be involved in a large spectrum of physiological functions, such as normal
and pathological haemostasis, inflammation, wound healing, antimicrobial response, and
cancer metastasis [54,55]. Dense-granules contain small non-protein molecules, such as
nucleotides (ADP/ATP), serotonin, histamine, calcium ions (which give the dense appear-
ance on electron microscopy), inorganic polyphosphates, membrane proteins [such as
granulophysin (CD63), lysosomal-associated membrane protein 2 (LAMP-2)], [55]); plasma

178



J. Clin. Med. 2021, 10, 894

membrane adhesive receptors GPIb and αIIbβ3 have also been identified on dense-granules
by immune-histochemical studies [56]. The main function of dense-granules content is
to amplify platelet activation and to sustain platelet aggregation [57]. Lysosomes store
digestive enzyme involved in the degradation of proteins, carbohydrates and lipids. Their
role in haemostasis and thrombosis is still unknown [55].

Platelet storage pool deficiencies (SPD) refer to a group of inherited heterogeneous
disorders in which the number and/or the content of α-granules, dense-granules, or both
are reduced and cannot be adequately released during platelet activation [58,59]; as a
consequence, a defect mostly in ADP release from activated platelet and in secretion-
dependent aggregation is observed [60]. According to the type of granule pool deficiency,
the clinical syndrome is called α-SPD, δ-SPD or αδ-SPD [58,61] These anomalies are to
be distinguished from secretion defects, in which granules are normally present, but
abnormally secreted due to defective signal transduction or granule trafficking defects [62].

2.2.1. α-Storage Pool Disease or Gray Platelet Syndrome

The Gray platelet syndrome (GPS) is a very rare disease characterized by a quantitative
and qualitative deficiency of α-granules [63,64]. Patients with GPS have a mild to moderate
bleeding diathesis, mild but progressive thrombocytopenia, and presence of larger and
vacuolated platelets [65]. The associated phenotype is the presence of bone marrow
fibrosis (due to the release of megakaryocytes in the bone marrow environment) and of
splenomegaly (due to extramedullary haematopoiesis) [65–67]. Other features of GPS have
been linked to immune dysregulation and autoimmune defects [68].

GPS megakaryocytes show a defect in α-granule production and are unable to cor-
rectly pack and store endogenous and exogenous proteins into α-granule precursors [69].
The lack of soluble proteins within α-granules, whose content is fundamental for normal
haemostasis, leads to a small and unstable platelet plug [70]. The classical GPS is inherited
with an autosomal-recessive pattern and it is associated with mutations or splicing alter-
ations in NBEAL2 gene, involved in granule trafficking [71] and retention of cargo proteins
in maturing α-granules [72]. Other GPS forms with autosomal-dominant or X-linked
inheritance have been reported (reviewed in [73]).

The absence of α-granules in the cytoplasm of affected platelets results in a characteris-
tic pale or gray appearance, opposite to the purple staining of granules in normal platelets
on Wright-Giemsa stained blood smears. Platelet aggregation analysis by LTA is variable:
in most of the GPS patients, the responses to ADP, epinephrine, and acid arachidonic are
normal, while responses to thrombin and collagen are decreased [65]. Of note, content and
surface expression of P-selectin are variable and their assessment is inadequate for diag-
nostic purposes [65,74–77]. The diagnosis is confirmed by the lack of α-granules observed
by electron microscopy and by the absence of α-granule proteins [78,79].

2.2.2. δ-Storage Pool Disease

δ-Storage pool disease (δ-SPD) is a congenital abnormality characterized by a defi-
ciency of dense-granules in megakaryocytes and platelets [79]. δ-SPD can be associated
with disorders of others lysosome related organelles leading to syndromic forms, known
as Hermansky-Pudlack, Chediak-Higashi, and Grisicelli syndromes, in which albinism
and immune deficiency are associated with platelet function defects [80]. Patients with
non-syndromic δ-SPD have a mild to moderate bleeding diathesis, mainly mucocutaneous;
however life-threatening bleedings can occur after surgery or trauma [81]. Clinical pre-
sentation of δ-SPD is highly variable and so far there are no validated recommendations
concerning the decisional algorithm to reach an accurate diagnosis [81], nor for δ-SPD
management [82].
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Patients with δ-SPD usually have normal platelet counts with a prolonged bleeding
time [83]. The lack of dense-granules (and thus of ADP/ATP and serotonin) will be reflected
by an impaired aggregation response to different agonists in vitro. Typically, LTA curves
performed with citrated platelet rich plasma (PRP) are characterized by the absence of a
second wave in ADP induced platelet aggregation and a diminished response to collagen
induced aggregation (at low concentrations) [79,81]. However, a study reported that δ-SPD
patients (23% of the cohort studied) had normal aggregation response [84]. Thus, further
specialized tests are sometimes needed to confirm the diagnosis. In particular, whole
mount transmission electron microscopy can be used to highlight the absence/reduction
of dense-granules [85], while flow cytometry, by the mepacrine test uptake, is useful to
evaluate the dense-granule content and secretion capacity of platelets. The mepacrine
test is based on the fact that mepacrine binds to adenine nucleotides and accumulates
rapidly in dense-granules. The mepacrine taken up by dense-granules is then released
after platelet stimulation and fluorescence can be quantified before and after platelet
activation [86,87]. δ-SPD platelets will have reduced dense-granules and low uptake and
release of mepacrine [79,88,89]. Platelet content of adenine nucleotides and serotonin can
be evaluated by chemiluminescence aggregometry and radio-labelled or chemical methods,
respectively (reviewed in [59,81]). δ-SPD platelets will be characterized by reduced adenine
nucleotides and serotonin content, with an elevated ATP/ADP ratio [90].

2.3. Aggregation

Platelet aggregation is mediated by the GPIIb/IIIa (integrin αIIbβ3), a major recep-
tor of the platelet surface, whose activated form binds to fibrinogen. Surface expression
of GPIIb/IIIa increases after platelet activation. Upon agonist induced platelet activa-
tion, a signalling process (“inside-out” signalling) leads to conformational changes of the
GPIIb/IIIa receptor, which increases its affinity for fibrinogen. The binding of fibrinogen
with platelet GPIIb/IIIa receptors allows platelet aggregation (leading to the primary
platelet plug), providing primary haemostasis. Binding of fibrinogen to the GPIIb/IIIa
receptor initiates further intracellular signalling (“outside-in”) which induces additional
granule secretion, platelet spreading, and contraction of the fibrin mesh. This signalling
pathway culminates in a stable and irreversible aggregation of platelets [47,91].

Glanzmann Thrombasthenia

Glanzmann thrombasthenia (GT) is a rare autosomal inherited bleeding disorder,
characterized by a quantitative or qualitative defect in integrin αIIbβ3, also known as
glycoprotein GPIIb/IIIa, which is essential for platelet aggregation and normal haemostasis.

GT is caused by mutations in the genes ITGA2B and ITGB3, which encode for subunits
αIIb (GPIIb, CD41) and β3 (GPIIIa, CD61), respectively, of integrin αIIbβ3. Mutations in
these genes compromise the normal function of the GPIIb/IIIa receptor, impairing platelet
aggregation and interaction with its adhesive ligands and thus leading to inefficient clot
formation/consolidation and to GT bleeding phenotype.

Bleeding tendency in patients with GT is highly variable and poorly correlated with
the underlying genetic mutations or αIIbβ3 expression level [92]. It ranges from a mild to
severe haemorrhagic condition [93,94]. Typical bleeding manifestations are purpura, gum
bleeding and menorrhagia, while gastrointestinal or central nervous system bleeding are
less frequently reported [95]; bleeding after trauma or surgery might be severe [93,96,97].
Most patients are diagnosed in childhood, but heterozygous patients can reach adulthood
being asymptomatic [93]; in general, the bleeding tendency in GT decreases with age [98].
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GT is divided in three subtypes [93,99] according to the GPIIb/IIIa expression (deter-
mined by flow cytometry [100]) on the platelet membrane:

- Type I, the most severe form of GT: the expression of GPIIb/IIIa is absent (<5% of
normal); platelet fibrinogen and clot retraction are also absent;

- Type II, a moderate form of the disease: surface GPIIb/IIIa is reduced with a level
of expression varying between 10–20% of normal; reduced fibrinogen content and
clot retraction;

- Type III, a variant form: the expression of GPIIb/IIIa is near normal or normal
(between 50–100%), but the receptor is dysfunctional; variable platelet fibrinogen
content and clot retraction.

GT platelets adhere normally to the sub-endothelium, but spreading is abnormal [101–103].
GT platelets have decreased or absent aggregation to physiological agonists, but agglutina-
tion in response to ristocetin is normal (because it is mediated by GPIb-IX-V via VWF). Since
a functional GPIIb/IIIa is required for efficient dense-granules release, in GT platelets an
abnormal release might also be observed [104,105]. Laboratory findings include a normal
platelet count, size and granularity, but a prolonged bleeding time [35,98]. PFA-100/200
assay shows a very prolonged closure time (>300 s), which is compatible with GT, but
not specific [36,98]. LTA is considered the gold standard method for the clinical diagnosis
of GT [98]. GT PRP is analysed before and after the addition of different agonists, such
as arachidonic acid, ADP, collagen, and epinephrine. The absence or marked reduced
aggregation in response to low or high concentrations of multiple agonists, along with a
maintained response to ristocetin, indicates a defect in GPIIb/IIIa and is highly indicative
of GT [36,98]. Due to variability of platelet aggregation results, it is recommended that the
analysis be confirmed with a second sample [98,106,107] and to use a second round of test-
ing with a larger spectrum of agonists [106,107]. Flow cytometry can be used to assess the
quantitative deficiency of GPIIb/IIIa (GT type I and II) in the membrane of resting platelets
through the use of fluorescent probes recognizing αIIb (CD41) and/or β3 (CD61) subunits.
The GT variant form, (GPIIb/IIIa expressed but not functional) can be investigated by flow
cytometry using the monoclonal antibody PAC-1, which recognizes the activated form of
the GPIIb/IIIa receptor after platelets stimulation. GT activated platelets will not bind with
the PAC-1 monoclonal antibody, due to the dysfunctional GPIIb/IIIa receptor [107–109].
Finally, the identification of the specific mutation variants in ITGA2B and ITGB3 genes is
the key to a complete diagnosis of GT [98,108].

2.4. Procoagulant Activity

Following strong activation, platelets expose negatively charged phospholipids on
their outer membrane. This is essential in order to achieve an efficient haemostatic response
by generating high amounts of thrombin and subsequent clot stabilization by fibrin. This
peculiar platelet feature and its clinical role and relevance will be extensively described in
the second part of this review.

3. Expression of Negatively Charged Phospholipids and Their Role in Coagulation

At resting state, the phospholipids of the cell membrane are asymmetrically dis-
tributed, thanks to flippase/floppase activity [110]. Neutral phospholipids (e.g., phos-
phatidylcholine, sphingomyelin, and sugar-linked sphingolipids) are located on the exter-
nal leaflet of the membrane, while negatively charged phospholipids (phosphatidylserine
(PS) and phosphatidylethanolamine) are within the inner surface of the membrane.

Under specific circumstances, such as apoptosis or strong platelet activation, this
distribution is altered. During platelet activation, scramblases (such as TMEM16F, also
known as anoctamin 6) shuffles the phospholipids between the two layers, resulting in the
expression of PS on the external leaflet [110]. Despite similar endpoints, apoptotic-induced
and agonist-induced PS exposure are two distinct pathways, both resulting in PS exposure
(reviewed in [111]).
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Apoptosis is a slow process (taking hours) that results with platelet aging and is medi-
ated through the activation of caspases, pro-apoptotic Bak/Bax-mediated mitochondrial
collapse, and PS exposure (mostly TMEM16F-independent) [112]. This slow process leads
to platelet clearance.

Strong platelet activation induces a rapid (one–two minutes) necrotic-like phenotype
via elevated and sustained cytosolic calcium concentration, mitochondrial depolarization,
calpain activation, and TMEM16F-dependent PS exposure [113,114]. Plasma membranes
form a small “cap” area enriched in exposed PS [115]. Such micro-domains concentrate
blood coagulation factors and accelerate enzymatic reactions.

Indeed, in synchrony with platelet activation and aggregation, fibrin deposition is
an important process for the stabilization of the haemostatic clot [116]. This is achieved
by thrombin cleaving fibrinogen into fibrin as a consequence of a series of sequential
reactions engaging activated coagulation factors, in which calcium and negatively charged
phospholipids are critical mediators [117].

Some coagulation factors (factors II, VII, IX, X) experience vitamin-K dependent post-
translational G-carboxylation of C-terminal glutamic acid residues [118,119]. These highly
negative domains confer to factors high-affinity binding for calcium, which facilitates their
interaction with negatively charged phospholipids. In fact, activated coagulation factors
interact poorly with each other in solution. Calcium binding is instrumental for supporting
binding of coagulation factors to a membrane of negatively-charge phospholipids, such as
the surface of procoagulant platelets [120,121].

In addition to rapid phospholipid membrane remodelling and PS externalization,
platelet procoagulant response is accompanied by the release of microparticles from the
membrane surface of activated platelets [122,123]. The mechanisms underlying the forma-
tion of platelet derived microparticles (PMPs) involve the increase of cytoplasmic calcium
affecting the activity of intracellular enzymes, the phospholipid transient mass imbalance
between the two leaflets of the membrane, and the proteolytic action of calpain on the
cytoskeleton [124]. PMPs shed from activated platelets provide a source of supplementary
negatively charged surface on which blood coagulation factors can assemble, thereby
enhancing the procoagulant response [122]. Dale et al. [125] showed that the number of
PMPs produced by procoagulant platelet was higher than the number of PMPs produced
by aggregating platelets but 5.4 times lower than PMPs originating from A23187 calcium
ionophore activated platelets. Sinauridze et al. [126] studied the procoagulant properties
of A23187-calcium ionophore activated platelets and PMPs. The authors showed that the
surface of PMPs originated after A23187 activation is 50- to 100-fold more procoagulant
than the surface of activated procoagulant platelets. This stronger procoagulant activity
was related to a higher density of procoagulant phospholipids on PMPs’ membrane. From
a physiological point of view, the observation that procoagulant collagen-and-thrombin
(COAT) platelets produce less PMPs than ionophore does [125,127], might indicate that
COAT platelet dependent thrombin generation (TG) should be contained at the site of
vascular injury to avoid an unnecessary and dangerous systemic spread.

Taken together, the phospholipid surfaces enhance the enzymatic function of coag-
ulation factors [128]. Membrane binding and surface diffusion facilitate and accelerate
the encounter of coagulation partners (e.g., the assembly of tenase and prothrombinase
complexes) [128]. This facilitates the rate of activation of prothrombin by several orders of
magnitude. Therefore, the platelet contribution has a considerable impact on the proco-
agulant response, by localizing and enhancing thrombin generation directly at the site of
vascular wall damage.

4. Procoagulant Platelets

Following strong activation, a fraction of platelets expresses PS on their surface and
become highly efficient in sustaining thrombin generation.

Since the first descriptions in the late 1990s, several synonyms have been used (ex-
tensively described in recent reviews [129,130]) such as collagen-and-thrombin (COAT)-
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activated platelets [87,127,131], COATed platelets [132,133], ballooned and procoagulant
platelets (BAPS) [134], sustained calcium-induced platelet morphology (SCIP) platelets [135],
super-activated platelets [136], super platelets [137] and even zombie platelets [138,139].
Despite this diverse classification, they all share the very same characteristics of necrotic-
like mechanisms [111,140], leading to procoagulant activity through expression of PS [130].

In particular, after strong activation, all platelets display an initial cytosolic calcium
increase and GPIIb/IIIa activation [131]. However, after a certain delay (1–2 min), while
aggregating, platelets decrease their calcium level, and procoagulant platelets reach higher
cytosolic calcium concentration [131,141,142]. In addition to calcium mobilization from
intracellular stores and store-operated calcium entry, calcium influx mediated by sodium-
calcium exchanger (NCX) reverse mode is critical for achieving the high calcium level
required to trigger the formation of the mitochondrial permeability transition pore (mPTP),
leading to cyclophilin D-dependent mitochondrial depolarization [141–143]. This results
in very high and sustained cytoplasmic calcium, gradual inactivation of GPIIb/IIIa re-
ceptors [131,144], activation of TMEM16F [113], and PS externalization [114,134], which
eventually induces the procoagulant activity of platelets together with microparticle gener-
ation [47,127,134,145].

In addition to the procoagulant activity mediated through PS exposure, procoagulant
platelets gain pro-haemostatic function by retaining α-granule proteins on their membranes,
such as coagulation factor V/Va, fibrinogen, VWF, thrombospondin, fibronectin, and α2-
antiplasmin in a serotonin- and transglutaminase-dependent mechanism [146].

4.1. Clinical Features of Procoagulant Platelets

The potential generation of procoagulant platelets is on average ca. 30% in healthy
donors, with a wide range from 15–57% described in the literature [87,132,147,148]. In our
laboratory, we have a mean of 38.9% (SD 8.3; range 21.9–59.1%, n = 73) ([149] and Adler
et al., manuscript in preparation). However, despite a wide inter-person variability, the
individual values are stable over time [132].

Clinical interest in procoagulant platelet potential has largely increased during the last
two decades. Especially, stratification of this wide range could associate extreme values
to clinically relevant medical situations, such as in haemostatic imbalances (bleeding or
thrombotic events) or even in non-haemostatic circumstances.

4.1.1. Low Level of Procoagulant Platelets Is Associated with Impaired Platelet Function
and Bleeding Diathesis

The Scott syndrome was the first clinically relevant bleeding disorder associated with
impaired platelet procoagulant activity [150]. In this very rare congenital bleeding disorder,
patients have impaired phospholipid scrambling and do not expose PS at the membrane
surface even after treatment with calcium ionophores [151,152]. Besides this complete
absence of PS exposure, a reduced ability to generate procoagulant platelets has been
shown to increase bleeding risk. Of note, low levels of procoagulant platelets (<20%) were
detectable in about 15% of patients with a clinically relevant bleeding diathesis and an
unrevealing standard work-up, including LTA and secretion assays ([87,153] and Adler
et al., manuscript in preparation).

Moreover, patients with spontaneous intracerebral haemorrhage have a significantly
lower percentage of procoagulant platelets compared to controls (24.8 ± 9.7%
vs. 32.9 ± 12.6%) [154]. In a similar cohort of patients, those who generated the low-
est levels of procoagulant platelets encountered more severe haemorrhages with increased
bleed volumes [155] and, in another study, patients with procoagulant platelet levels lower
than 27% had a poor outcome and increased mortality at 30 days [156]. Similarly, patients
with subarachnoid haemorrhage that generate procoagulant platelets in the lowest range
of the cohort (<36.7%) faced an increased mortality rate after one month [157]. However,
these patients had on average a higher level of procoagulant platelets compared to controls
(41.8 ± 11.4% vs. 30.7 ± 12.2%). As discussed by the authors, this antithetical observation
could be related to the presence of a chronic inflammation in this pathology (but whether
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inflammatory state amplifies the procoagulant activity or the other way around is difficult
to clarify; see below).

Interestingly, even in some cerebral thrombotic pathologies, patients who generated
procoagulant platelets in the lowest range of the cohort presented increased bleeding
phenotypes, with more microbleeds [158] or early secondary bleeding into the ischemic
brain area compared to the other patients from the same cohort [159].

Discordant observations were reported regarding platelet procoagulant potential
in two cohorts of haemophilia A patients. Both studies reported a reduced potency in
generating procoagulant platelets compared to controls [160,161]. However, while Saxena
et al. [160] observed a significant difference of procoagulant platelet levels in relationship
to the phenotype severity, this was not replicated by Lastrapes et al. [161].

A single study also reported an impaired ability to generate procoagulant platelet in
patients with essential thrombocythemia compared to controls and this was rescued by
hydroxyurea treatment [162].

4.1.2. High Level of Procoagulant Platelets Worsens Thrombotic Events

In contrast to the findings in bleeding phenotypes, it was demonstrated that patients
with prothrombotic states had a higher potential to generate procoagulant platelets.

Mean levels of procoagulant platelets were elevated in patients with cortical strokes [163]
or transient ischemic attack (TIA) [164]. Moreover, the stratification of procoagulant platelet
levels increased their prognostic value. Higher levels of procoagulant platelets at the time
of the cortical strokes (>34%) or TIA (>51%) were associated in both conditions with an
increased incidence of stroke recurrences [165,166]. In patients with symptomatic large-
artery disease, procoagulant platelet levels in the highest range of the cohort (≥50%) were
associated with a higher risk for early ischemic events [167]. Similarly, for patients with
asymptomatic carotid stenosis, higher levels of procoagulant platelets (≥45%) predicted a
risk for stroke or TIA [168].

Contrary to the other brain ischemic situations, data showed lower mean levels
of procoagulant platelets following lacunar stroke compared to non-lacunar or control
levels [163]. Nevertheless, patients with higher procoagulant platelet levels (≥42.6%)
experienced more recurrent ischemic events following lacunar stroke [169].

In addition to brain infarction, a high level of procoagulant platelets was also observed
in coronary artery disease and heart failures [170–172].

Monitoring of procoagulant platelet potential, following an acute event, may also
predict severe outcomes. A significant rise of procoagulant platelet generation after aneurys-
mal subarachnoid haemorrhage predicted delayed cerebral ischemia and worsening of
cognitive and physical outcomes [173,174].

Higher mean levels of procoagulant platelets were also measured in cigarette smokers
compared to non-smokers [147,169,175]. This is of particular interest as smoking is widely
associated with an increased risk factor for cardiovascular diseases. Interestingly, smoking
cessation was observed to lower the procoagulant platelet levels for individuals who quit
smoking after a stroke in comparison to those who continued smoking [176].

4.1.3. Procoagulant Platelets in Non-Haemostatic Pathologies

Massive haemorrhage in trauma is a leading cause of morbidity and mortality. Inter-
estingly, it was recently reported that these patients experienced an increase in circulating
procoagulant (balloon-like) platelets, which is in line with an increased ability to generate
thrombin and a reduction of platelet aggregation [177]. This work highlights that trauma
contributes to the increase of the procoagulant phenotype by the release of histone H4
from injured tissues, and, very interestingly, the authors could identify a platelet proco-
agulant phenotype that is already present in vivo, in contrast to other studies where the
procoagulant ability of platelets is usually appreciated with ex vivo stimulations.

Interestingly, procoagulant platelets are also able to retain full-length amyloid precur-
sor protein on their surface [178]. Further studies related levels of procoagulant platelets
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with Alzheimer disease severity and progression. Higher levels of procoagulant platelets
were measured in early stages of the disease [179], among patients with the most severe
decline [180], and among amnesic subtypes of patients with mild cognitive impairment
with a progression to Alzheimer disease [181,182].

High levels of procoagulant platelets were observed in patients with end-stage renal
failure [183]. Authors associated this with an increased inflammation state, but the role of
procoagulant platelets as marker or trigger of thrombosis in this situation needs further
investigations. Moreover, the direct influence of inflammation on procoagulant platelets (or
vice versa) is not fully understood and dissecting this clearly remains challenging. Of note,
inflammation is able to directly activate the haemostatic system [184] and some authors
reported a relationship between high levels of procoagulant platelets and inflammation or
immune system activation [132,147,183]. However, necrotic-like phenotypes, such as in
procoagulant platelets, are also known to activate inflammation and immune cells [111,185].

In transfusion medicine, a low level of procoagulant platelets was observed in platelet
concentrates from apheresis (16%) [186], buffy-coat (8%) [187], or cryopreserved platelet
concentrates (17%) [188].

4.2. Pharmacological Modulation of Procoagulant Platelets

Platelets play a very important role in arterial thrombosis. Various antiplatelet ther-
apies have been developed to prevent thrombotic events. However, these drugs aim
at inhibiting platelet aggregation and, thus far, poor attention has been paid to platelet
procoagulant activity.

On the other hand, different clinically relevant pharmacologic molecules have already
been shown to modulate generation of procoagulant platelets.

4.2.1. Antiplatelet Drugs

Aspirin (acetyl-salicylic acid) is universally used as a standard for secondary pre-
vention of recurrent arterial ischemic events. It irreversibly acetylates the active site of
cyclooxygenase-1 (COX-1), required for the production of the soluble platelet agonist
thromboxane A2. Chronic use of aspirin reduces the levels of procoagulant platelets in
individuals [140,147,176]. However, intermittent or short-term uses do not relevantly im-
pact potency in generating procoagulant platelets. While long-term use of aspirin appears
to have an effect on megakaryocyte physiology inducing impaired platelet function, the
direct interference with thromboxane A2 signalling does not seem to have a direct impact
on the generation of procoagulant platelets [189].

ADP is able to augment the procoagulant potential induced by combined platelet
activation with strong agonists, such as collagen and thrombin [187,189,190]. Accordingly,
inhibition of P2Y12 (but not P2Y1) with clopidogrel [176,190] and cangrelor [191] reduces
the generation of procoagulant platelets [189]. A similar effect was observed in vitro with
the active metabolite of prasugrel [192].

Some of the data is sparse on the in vitro use of antagonists of the GPIIb/IIIa and the
effect on procoagulant platelets. One study demonstrated that pre-treatment with either
eptifibatide, tirofiban, or abciximab augmented the potential to generate procoagulant
platelets [193]. This could explain the failure of long-term use of oral GPIIb/IIIa-antagonists
observed in the early 2000s [194]. However, the procoagulant potentiation obtained with
GPIIb/IIIa-antagonists was not corroborated by others [149,195–197]. These discordant
data were all obtained with in vitro pre-treatment. Directly investigating the ability to
generate procoagulant platelets in patients under treatment with GPIIb/IIIa-antagonists
would help to clarify these discrepancies.
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4.2.2. Off-Target Procoagulant Platelet Modulation

Desmopressin (1-deamino-8-D-arginine vasopressin (DDAVP)), a synthetic analogue
of vasopressin initially used to treat diabetes insipidus and enuresis nocturna, improves
the haemostatic status of patients by raising plasma levels of VWF and coagulation factor
VIII [198]. In addition, it has also been demonstrated in vitro that DDAVP is a weak inducer
of procoagulant response of platelets [199] as well as arginine vasopressin [200]. This was
corroborated with in vivo treatment of patients with mild platelet disorders [201]. In this
study, DDAVP was able to increase generation of procoagulant platelets by enhancing
calcium and sodium mobilization. A similar observation was made in cardiac surgery
patients receiving DDAVP because of postoperative excessive bleeding [202].

Auranofin, a thioredoxin reductase inhibitor used to treat rheumatoid arthritis was
reported to induce calcium overload and increased oxidative stress in platelets, which
would contribute to a necrotic PS exposure [203].

Patients using selective serotonin reuptake inhibitors (SSRI) had significantly lower
procoagulant platelet levels compared to individuals not taking SSRI [147]. Furthermore,
citalopram, a SSRI, was demonstrated to impair GPVI-mediated platelet function [204].
This is supported by the importance of serotonin for the formation of procoagulant
platelets [146,205] and the mild bleeding diathesis reported in patients under SSRI treat-
ment [206].

Inhibition of the procoagulant response of platelets was also observed with tyrosine
kinase inhibitors used in oncology [207–210]. These pharmaceuticals reduce formation of
procoagulant platelets by inhibiting tyrosine signalling downstream of GPVI activation.

4.3. Laboratory Work-Up for Investigating Procoagulant Platelets

Procoagulant platelets can be easily detected and characterized in vitro with fluores-
cence labelling and therefore by using microscopy or flow cytometry. Flow cytometry
assays allow quantification of the ability to generate procoagulant platelets (see above,
Sections 4.1 and 4.2) and to analyse phenotypically different platelet subpopulations. More-
over, flow cytometry is an accessible, easy, and rapid diagnostic tool for haematological
diagnostic laboratories. Procoagulant activity can be appreciated as well with other assays,
such as ex vivo platelet-dependent thrombin generation and flow chambers. However,
these latter techniques are for now experimental methods and their diagnostic utility still
needs more investigations. Finally, in vivo assays with animal models are also of high
interest to study the thrombus distribution of procoagulant platelets and to understand
better physiological and pathophysiological thrombus formation.

4.3.1. Quantification and Characterization of Procoagulant Platelets

Table 1 summarizes the main procoagulant activation endpoints and the markers used
to detect and to discriminate the procoagulant platelet subpopulation, commonly used
for flow cytometry. Surface expression of PS is the major standard activation endpoint
widely recognized for procoagulant platelets. The gold standard assay to detect this event
resides in the ability of the platelets to bind Annexin V [87,127] or lactadherin [211–213].
Another necrotic-like event that occurs in procoagulant platelets is the loss of the mito-
chondrial potential. This cytoplasmic event can be detected with mitochondrial probes
like rhodamine derivatives, such as tetra-methyl-rhodamine methyl ester (TMRM) or
tetra-methylrhodamine ethyl ester (TMRE) [131,142,214] or the carbocyanine JC-1 [140].
Rhodamine probes accumulate into intact mitochondria, but once platelets experience loss
of the mitochondrial membrane potential, they escape and fluorescence decreases [215].
The JC-1 probe naturally exhibits green fluorescence. Its accumulation into intact mito-
chondria induces formation of probe aggregates that induce a fluorescence emission shift
from green to red. Therefore, the red/green fluorescence intensity ratio is an indicator of
the mitochondrial potential allowing the detection of mitochondrial depolarization by a
decrease in the red/green fluorescence ratio [215].
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Table 1. Activation endpoints of procoagulant platelets and common flow cytometry markers to detect and discriminate them.

Endpoint Description Common Markers
Phenotype in
Procoagulant

Platelets

Phenotype in
Non-Procoagulant

Platelets

Necrotic-like

Phosphatidylserine

Negatively charged
amino-phospholipids of

platelet membrane bilayer,
contribute to the

procoagulant activity

Annexin V,
lactadherin Positive Negative

Mitochondrial
membrane

depolarization

Mitochondrial events
(depolarization) are

implicated in platelet
procoagulant activity process

Rhodamine
(such as TMRM) Low TMRM staining High TMRM staining

JC-1
Lower JC-1

fluorescence ratio
(red/green)

Higher JC-1
fluorescence ratio

(red/green)

Fibrinogen receptor
GPIIb/IIIa

(integrin αIIbβ3)

Platelet membrane
glycoprotein; in its activated

conformation binds to
fibrinogen and mediates

platelet aggregation

Anti-CD41/CD61
IgM antibody

recognizing the
activated

conformation (PAC-1)

Negative Positive

Platelet surface coating
by α-granule proteins

Proteins present in α-granule
secreted upon platelet

activation and retained on
the platelet surface by a

serotonin- and
transglutaminase mechanism

Specific antibodies
against α-granule
proteins, such as

FV/Va, fibrinogen,
VWF, fibronectin,

thrombospondin, and
α2-antiplasmin

Positive Negative

Legend: FV, coagulation factor V; FVa, activated coagulation factor V; TMRM, tetra-methyl-rhodamine methyl ester; VWF, von Wille-
brand factor.

Because procoagulant platelets lose their properties to aggregate, the PAC-1 binding
assay is another interesting approach to discriminate procoagulant platelets from non-
coagulant aggregating platelets [131,142,216,217].

Last but not least, procoagulant endpoint is the coating of α-granule proteins on the
surface of procoagulant COAT platelets [127,146,218,219]. This approach relies on the anal-
ysis of the surface retention of α-granule proteins with specific monoclonal antibodies. This
technique is not often employed by clinical diagnostic laboratories, but can be performed
in research laboratories, as it requires a specialized method and technical expertise to detect
it properly.

4.3.2. Assessment of the Overall Coagulation Potential and Procoagulant Activity
of Platelets

An arsenal of different complementary methods, which we have briefly summarized
in Table 2, are available to assess the procoagulant potential in biological samples. The
procoagulant activity of PS expressed by platelets and PMPs can be directly measured in
plasma by functional tests (clot or chromogenic based assays), which take advantage of the
anionic phospholipid dependent acceleration exerted by PS on prothrombin activation by
the FXa-FVa complex [220,221].

Thrombin generation assay (TGA) is a sophisticated technique capable of assessing the
delicate balance of procoagulant and anticoagulant pathways involved in the haemostatic
process, thus providing a global view of the coagulation potential of an individual. The
standard reference method for measuring thrombin generation (TG) is the calibrated
automated thrombogram (CAT) developed by Hemker [222]. TGA can be performed
using various types of biological material: most commonly, the assay is performed in
PRP or platelet poor plasma (PPP). PRP is useful to study the interaction of platelets with
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coagulation factors in the coagulation process. Working with PPP requires the addition
of artificial phospholipids to the sample (as substitute for platelets in order to provide
the negatively charged surface that sustains TG); PPP investigation focuses on the action
of coagulation factors. A particular advantage of PPP is that the sample can be frozen
(thus allowing storage) and thawed just before analysis. The measurement is performed
in the presence of defined concentrations of tissue factor (low, normal or high), allowing
the modulation of the sensitivity of the test (e.g., high concentration of tissue factor will
make the test less sensitive to the intrinsic pathway). Thrombomodulin-modified TGA is a
novel variant of the classical TGA, which allows the highlighting of the role of the protein
C system in downregulating the coagulation process [223]. This might be of interest for
investigating platelet-dependent TG because it has been demonstrated that platelet-derived
activated coagulation factor Va (FVa) bound on the surface of procoagulant platelets is
protected from inactivation catalysed by activated protein C [224]. Finally, interesting
and innovative technologies based on a spatio-temporal model of haemostasis, have been
used to measure the contribution of procoagulant platelets or PMPs to the growth of the
fibrin clot [126].

A step closer to physiological coagulation is represented by ex vivo TG measurement in
whole blood. However, this method is challenging due to the interference of erythrocytes on
the stability of fluorescence signal and requires expert operators. An alternative method to
overcome the problem of the turbidity or colour of the blood sample is based on monitoring
TG by electrochemistry. Such a method was developed by Thuerlemann et al. [225] using
a single-use electrochemical biosensor sensible to the electric variations produced by an
amperogenic substrate cleaved by thrombin. The variation of electric signal is recorded
and the raw data values used to build a TG curve.

To exclude the effect of plasmatic factors, platelets can be isolated by gel filtration [201]
or washing steps [131]. The specific contribution of procoagulant platelets to TG can be as-
sessed by modified TG assays [126,201]. Gel filtered/washed platelets, once activated with
specific agonists to the procoagulant phenotype, also generate procoagulant PMPs. The
latter can be directly identified and investigated by flow cytometry based on their size (FSC)
and specific fluorescent dye binding to exposed PS [125]. Flow cytometry is a powerful
and preferred technique for investigating PMPs [226], since it allows counting, identifying
their origin, and determining PS exposure by Annexin V binding [227]. Drawbacks of PMP
measurements with flow cytometry are the small and heterogeneous size (0.1 to 1 μm)
of PMPs, which can be very close to the instrument background and the difficult of cali-
bration. It is possible to overcome these limitations by using fluorochrome tagging PMPs
(e.g., molecules incorporating the phospholipid bilayer) and size-calibrated fluorescent
beads together with background noise reduction (through 0.1 μm liquid filtration). Nev-
ertheless a good expertise and high resolution flow cytometers are required [227]. PMPs
generated from procoagulant platelets can be further processed to obtain a pure PMP prepa-
ration by subsequent centrifugation steps and used to measure PMP-dependent TG [126].
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4.3.3. In-Vivo Investigations of Procoagulant Platelets

Intravital microscopy permits the study of physiological haemostasis and the appre-
ciation the heterogeneous structure of a growing thrombus [243,244]. More and more
publications are present in the literature assessing the heterogeneous platelet activation sta-
tus with a particular focus on the role of procoagulant platelets [134,245,246]. Very recently,
Nechipurenko et al. demonstrated that, during the in vivo formation of the thrombus, the
procoagulant platelets are located at the periphery of the clot, which is driven by their
mechanical extrusion as a result of the clot contraction [247]. These increasing new data
provided by intravital microscopy and future experimentation with genetically-engineered
mouse models, such as TMEM16F-deficient mice [246], will increase our knowledge on
the in vivo role of procoagulant platelets. Obviously, this can be extended to other throm-
bocytopathies, where we can also obtain a real time monitoring of thrombus formation in
pathophysiological conditions [248–250].

Nevertheless, one should be aware that such experiments still lack standardization,
and inter-laboratory replicability is laborious. We should also keep in mind that even
though this technique allows a step closer in studying haemostasis and thrombosis, experi-
ments have thus far been performed with non-physiological injuries and in murine models.

5. Thrombocytopathy Associated to COVID-19

The current ongoing outbreak of coronavirus disease 2019 (COVID-19) is caused
by a viral infection from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) [251]. Even though SARS-CoV-2 infection initially results in excessive inflammation
and mild to acute respiratory distress syndrome, patients also experience a hypercoagula-
ble state characterized by immuno-thrombosis [252,253]. Therefore, venous and arterial
thrombotic complications are an important cause of morbidity and mortality in COVID-
19 patients [254].

Although the research on mechanisms implicated on platelet dysfunction in COVID-19
is still ongoing, at the time of this review there is some emerging evidence of COVID-19-
associated thrombocytopathy [255–258]. In addition to a mild thrombocytopenia, which is
frequent among COVID-19 patients, studies have described altered platelet function and
reactivity [257,259–261].

Platelets seem to circulate in an activated state as demonstrated by a higher ex-
pression of specific platelet activation markers, such as P-selectin (CD62P), LAMP-3,
and GPIIb/IIIa in unstimulated platelets from COVID-19 patients compared to healthy
controls [259,261,262]. Platelets from SARS-CoV-2 infected patients increased basal reactive
oxygen species (ROS), but basal surface expression of PS was not altered [261,263].

In addition, platelets from COVID-19 patients are hyper-responsive. Platelets had
increased aggregation response to subthreshold concentrations of agonists, as well as in-
creased adhesion and spreading [259–261]. This could be linked to the observed increased
expression of adhesive receptors, such as VWF- and fibrinogen-receptors, respectively
GPIbα/GPIX and GPIIb/IIIa [259]. Of note, COVID-19 patients had a reduced procoag-
ulant platelet response ex vivo [263]. This was observed with a reduced mitochondrial
depolarization and externalization of PS, compared to controls.

Mechanisms leading to thrombocytopathy in COVID-19 still need to be understood.
However, based on the literature, platelet hyper-responsiveness may be induced by in-
creased circulating VWF (endothelial injury) [264], hypoxia [265–267], and/or a hyper-
inflammatory environment with high cytokine levels [268–270], and increased oxidative
stress [271].

On current observations, it seems that procoagulant platelets should not contribute to
the pathophysiology of COVID-19 patients, but the hyperreactive adhesion and aggregation
may be implicated.
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6. Conclusions

Thrombocytopathies are a diagnostic challenge. The introduction of flow cytometry, as
an extension to routine diagnostic work-up by LTA and secretion assays, greatly improved
management of patients with a bleeding diathesis in whom previous laboratory analysis
could not identify a cause [87]. Moreover, in addition to the traditional platelet aggregation
assays, flow cytometry has the advantage of rapidly acquiring intrinsic properties from
thousands of single platelets, of requiring small blood volumes thus enabling the analysis
of samples from thrombocytopenic patients, and the exploration of more than only one
endpoint of the heterogeneous profiles, as performed with traditional aggregation assays.
Flow cytometry is therefore able to point out surface membrane receptor deficiencies, such
as BSS (adhesion endpoint) or GT (aggregation endpoint), as well as secretion endpoint
defects (dense granule content and secretion by means of mepacrine, or alpha-granules, by
investigating e.g., VWF content or surface expression of P-selectin). Finally, as highlighted
in this review, flow cytometry is also able to cover the important procoagulant aspect of
the pleomorphic platelet activation endpoints.

Wide systematic investigation of the procoagulant activity of platelets is increasingly
described in the literature. This accumulating evidence indicates that the ability to gen-
erate procoagulant platelets at and beyond the extremes of the wide normal reference
range [87] is associated with clinically relevant bleeding or thrombotic disease. Specifically,
the generation of procoagulant platelets at levels <20% or >50% seems to worsen bleed-
ing or thrombotic episodes, respectively. Moreover, the individual potential to generate
procoagulant platelets at the time of the clinical event (e.g., stroke) seems to be strongly
related to prognosis. It remains to be investigated whether an individual baseline potential
to generate high or low level procoagulant platelets would also be a risk stratification for
cardiovascular diseases before their clinical manifestation.

However, most of the publications were monocentric pilot studies and/or performed
with relatively small cohort sizes and/or with short follow-up timeframes. The flow cyto-
metric investigation of procoagulant platelets still needs standardization to allow proper
meta-analysis and generalization of its use. In parallel, future research and experimenta-
tion on the procoagulant status of platelets and in vivo thrombus formation models will
help to better appreciate the crucial role of procoagulant platelets in haemostatic diseases.
These approaches will help to dissect the role of procoagulant platelets in thrombotic and
haemorrhagic events.
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Abstract: Thrombocytopenia can arise from various conditions, including myelodysplastic syn-
dromes (MDS) and bone marrow failure (BMF) syndromes. Meticulous assessment of the peripheral
blood smear, identification of accompanying clinical conditions, and characterization of the clinical
course are important for initial assessment of unexplained thrombocytopenia. Increased awareness is
required to identify patients with suspected MDS or BMF, who are in need of further investigations by
a step-wise approach. Bone marrow cytomorphology, histopathology, and cytogenetics are comple-
mented by myeloid next-generation sequencing (NGS) panels. Such panels are helpful to distinguish
reactive cytopenia from clonal conditions. MDS are caused by mutations in the hematopoietic
stem/progenitor cells, characterized by cytopenia and dysplasia, and an inherent risk of leukemic
progression. Aplastic anemia (AA), the most frequent acquired BMF, is immunologically driven and
characterized by an empty bone marrow. Diagnosis remains challenging due to overlaps with other
hematological disorders. Congenital BMF, certainly rare in adulthood, can present atypically with
thrombocytopenia and can be misdiagnosed. Analyses for chromosome fragility, telomere length,
and germline gene sequencing are needed. Interdisciplinary expert teams contribute to diagnosis,
prognostication, and choice of therapy for patients with suspected MDS and BMF. With this review
we aim to increase the awareness and provide practical approaches for diagnosis of these conditions
in suspicious cases presenting with thrombocytopenia.

Keywords: thrombocytopenia; myelodysplastic syndromes (MDS); bone marrow failure (BMF)
syndromes; aplastic anemia (AA); next-generation sequencing (NGS)

1. Introduction

Thrombocytopenia can be associated with a variety of benign and malignant hema-
tological and non-hematological conditions and the investigation of potential causes is
a challenge for clinicians and involved laboratory specialists. Mild and isolated throm-
bocytopenia (platelet count (PLT) 100–150 G/L) is frequently neglected and not further
investigated. In contrast, isolated severe thrombocytopenia (PLT <50 G/L) is often con-
sidered as immune-mediated thrombocytopenia (ITP) and treated with steroids without
further investigations, in accordance with current guidelines [1]. However, more severe
underlying diseases can be potentially missed and the correct diagnosis, consequently,
reached with delay. With the currently available diagnostic modalities, the correct and
timely identification of myelodysplastic syndromes (MDS) and bone marrow failure (BMF)
syndromes can be efficiently done, which is the mainstay for offering patients the most ap-
propriate treatment. With this review we aim to increase the awareness for MDS and BMF,
providing practical approaches in suspicious cases presenting with thrombocytopenia.

J. Clin. Med. 2021, 10, 1026. https://doi.org/10.3390/jcm10051026 https://www.mdpi.com/journal/jcm

203



J. Clin. Med. 2021, 10, 1026

2. Clinical Presentations and Symptoms of MDS and BMF

General practitioners are commonly involved in the initial diagnostic assessment of
patients with unclear thrombocytopenia. Thus, their role is crucial in identifying suspi-
cious cases of both MDS and BMF and initiate the correct diagnostic assessments timely.
Knowledge on the characteristic clinical features for MDS or BMF are therefore helpful.

2.1. Myelodysplastic Syndromes

With ageing of the general population, and the introduction of next-generation se-
quencing (NGS) into clinical practice, patients with clonal hematological conditions are
increasingly identified. Therefore, in elderly patients with unexplained cytopenia, includ-
ing isolated thrombocytopenia, clonal disorders, such as MDS and other related myeloid
neoplasms, should always be considered as potential differential diagnosis.

2.1.1. Definition and Pathogenesis of MDS

Patients with unexplained chronic thrombocytopenia should direct awareness to-
wards a potentially underlying myeloid neoplasm, especially in elderly patients with
worsening bi- or pancytopenia, or in individuals with previous exposure to chemo- or
radiotherapy [2]. MDS are heterogeneous hematopoietic stem and progenitor cell (HSPC)
disorders characterized by cytopenia, dysplasia, inflammation, and a propensity to evolve
towards secondary acute myeloid leukemia (AML) [3,4]. MDS originate from HSPCs
affected by somatic mutations in leukemia-associated genes (SM-LAGs). These mutated
HSPC are selected through a stochastic drift that is influenced by a variety of cell-intrinsic
and cell-extrinsic mechanisms over a variable duration of time [5].

2.1.2. Epidemiology of MDS and Risk Factors

As in many other cancers, MDS and related myeloid disorders are diseases of elderly
patients with a median age at presentation above 70 years and male predominance. The
exposure to mutagenic agents, such as chemotherapy, radiotherapy, pesticides, insecticides,
benzoyl, and solvents, are recognized risk factors [6–9]. The age-adjusted incidence rate of
MDS is between 3–4 per 100,000 patient-years in western countries, with an increase of the
age-specific incidence rate to more than ten-fold for individuals >70 years of age [2,10,11].
Incident cases of MDS are assumed to rise substantially in the forthcoming years, due to
population ageing, increased cancer survivorship, and improvements in diagnostic accu-
racy for the detection of clonal hematopoiesis. MDS can also occur in children and younger
to middle-aged adults (aged <50 years), in whom an underlying germline predisposition
has to be actively explored [12].

2.1.3. Presentation and Symptoms of Patients with MDS

Depending on the cell lineages affected by cytopenia, MDS patients suffer from a vari-
ety of symptoms at presentation, which comprise fatigue, dyspnea, tachycardia, bacterial in-
fections, or mucocutaneous bleeding [3]. A substantial number of patients with chronic and
mild cytopenia can be asymptomatic. In MDS patients, anemia (usually macrocytic) is the
predominant abnormality in the peripheral blood (80–85%), followed by thrombocytopenia
(30–65%) and neutropenia (40–50%) [13]. Sometimes, patients present with overlapping
features of myelodysplasia with cytopenia as well as myeloproliferation. In such cases, pa-
tients can present with splenomegaly and accompanying monocytosis (≥1.0 G/L and ≥10%
of all leukocytes) in chronic myelomonocytic leukemia (CMML), granulocytosis, or even
thrombocytosis in other rare MDS/MPN (myelodysplastic syndrome/myeloproliferative
neoplasm) overlap conditions [14]. The association of clonal hematopoiesis with a broad
range of autoinflammatory and autoimmune manifestations is generally underestimated.
These manifestations may be of paraneoplastic origin and should direct further investiga-
tions for an underlying myeloid or lymphatic malignancy [15,16].
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2.2. Bone Marrow Failure Syndromes

BMF can be separated in acquired and inherited BMF (iBMF) forms. While acquired
forms can affect children and adults, congenital forms are particularly more frequent in
children less than five years of age, but also in adolescents and young adults. Unusual
presentation of congenital forms may show a late presentation even after the fourth decade
of life, may be oligosymptomatic, and can be therefore particularly difficult to diagnose.

2.2.1. Definition and Pathogenesis of BMF

Aplastic anemia (AA) is a rare BMF. This non-malignant disease is characterized by
pancytopenia and bone marrow hypoplasia of varying severity. Aplastic anemia will be
considered idiopathic when no underlying cause can be identified. Idiopathic AA results
from autoimmune mediated destruction of early precursors of hematopoietic cells [17,18].
AA can be related to paroxysmal nocturnal hemoglobinuria (PNH), which is a clonal
hematopoietic stem cell disorder with various features including hemolytic anemia, bone
marrow failure, and thrombosis. Other pathophysiologic mechanisms may also be in-
volved in secondary forms of AA. Direct damage of hematopoietic cells may occur in
patients exposed to irradiation, drugs or chemicals, and may represent an underlying cause
of AA. Different viral infections including cytomegalovirus (CMV), Epstein–Barr virus
(EBV), dengue virus, parvovirus b19, human herpes virus 6 (HHV6), human immunodefi-
ciency virus (HIV), and disseminated adenovirus infections [19] can be associated with the
development of AA. Seronegative hepatitis has been reported in 5–10% of patients with
AA [20–22]. Accelerated attrition of telomeres [23–25] and acquired somatic mutations of
genes related to myeloid diseases [26–28] are associated with an increased risk of MDS,
AML, and early death.

iBMF represent a relevant cause of AA in children and are frequently related to
germline mutations (Supplemental Table S1). Evidence of such syndromes may be obvious
in patients with BMF. On the other hand, the clinical changes can be subtle and the
syndrome can only be diagnosed when the hematological picture becomes manifest with
severe cytopenias. In this regard, various syndromes exist. Fanconi anemia (FA) [29]
is caused by a defect in the DNA repair mechanisms, predisposing to various tumors.
Telomeropathies involve a wide variation of genetic disorders caused by mutations in
genes of the telomerase or the DNA damage response complexes. The most characteristic
syndrome is dyskeratosis congenita (DC) [25]. Shwachman–Diamond syndrome (SDS) [30]
is caused by variants of pathogenic genes that affect the biogenesis and mitosis of ribosomes.
Congenital amegakaryocytic thrombocytopenia (CAMT) [31] results mainly from mutations
in the oncogene of the virus myeloproliferative leukemia (MPL) responsible for encoding
the thrombopoietin receptor.

2.2.2. Epidemiology of BMF and Risk Factors

AA has a variable geographic distribution, the global incidence ranging from 0.7 to
7.4 cases per million inhabitants per year, with 2- to 3-fold higher rates in Asia than in
Europe and the U.S. The disease can present at any age, but the presentation is bimodal with
a peak in young adults and the elderly. AA affects both sexes in similar proportions [32,33].
Ethnicity and some specific human leukocyte antigen (HLA) characteristics have been
associated with higher predisposition to develop AA, higher frequency of small PNH clones
and response to immunosuppression [34–38]. Environmental factors may be relevant, such
as frequent exposure to benzene-based products [39]. Clonal hematopoiesis is prevalent in
AA, and some mutations impact on clinical outcomes. At present, however, prediction of
clinical significance is often difficult [40]. The iBMF appear mainly between 2 and 5 years
of life, but can manifest at any age during childhood or adolescence. More rarely, diagnosis
will be reached later in life [41].

205



J. Clin. Med. 2021, 10, 1026

2.2.3. General Presentation and Symptoms of Patients with BMF

Patients with AA usually refer symptoms of onset in the previous weeks that are
related to the type and number of cytopenias. Symptoms are frequently related to ane-
mia, mainly fatigue, and dyspnea on exertion. Bleeding symptoms are also common
including easy bruising, menorrhagia, skin or enoral petechiae typically occurring when
thrombocytopenia is significant. Although less frequent, infections can be life-threatening,
mainly affecting patients with profound neutropenia [18,42]. Other than that, the clini-
cal examination is classically negative, with absence of lymphadenopathy, splenomegaly
or hepatomegaly.

In AA patients, a positive family history including other members affected with
cytopenia or malignancy suggests an iBMF. The presence of abnormal clinical features, such
as short stature, thumb, or radial ray and/or skeletal abnormalities, microcephaly, hypo- or
hyperpigmentation (café au lait spots), eye, renal, or gonadal malformations are changes
related to FA [29]. The presence of abnormal pigmentation of the skin, nail dystrophy
affecting hands and feet, and oral leukoplakia is considered to be the classic presentation of
DC. In addition, premature gray hair and pulmonary fibrosis have been reported [43]. SDS
can have a broad clinical phenotype with skeletal abnormalities, steatorrhea consequently
to exocrine pancreatic dysfunction, and recurrent infections [30]. CAMT presents with
isolated thrombocytopenia and reduced megakaryocytes in the bone marrow without birth
defects characteristic of other iBMF [31].

3. Diagnostic Approach for MDS and BMF

In the following, we will describe our suggest stepwise diagnostic approach, as
summarized in Figure 1.

3.1. Primary Diagnostic Work-Up

The exclusion of other conditions associated with thrombocytopenia is the mainstay
for the primary work up (Table 1). Complete blood counts (CBC) including white blood
count (WBC) with a full differential, red blood cell (RBC) analysis of hemoglobin, hemat-
ocrit, and RBC indices (including mean cellular volume, MCV) and reticulocyte counts are
essential. In patients with MDS or BMF, peripheral blood parameters reveal evidence of
different combinations of cytopenia. Anemia is frequently macrocytic (increased MCV),
and reticulocytes are usually significantly reduced [44]. The immature platelet fraction (IPF)
can be helpful to identify younger platelets and is increased in peripheral consumption.
Microscopic cytomorphologic examination of the peripheral blood smear has to be done in
cases with unexplained cytopenia to identify morphological RBC abnormalities (schisto-
cytes, anisocytosis, and poikilocytosis), dysplasia, or the presence of cell line precursors
and blasts.

Substrate deficiency should be excluded by determination of serum folate, transcobal-
amin, iron, total iron binding capacity (TIBC), and ferritin. Parameters that may be indica-
tive for hemolysis, such an increased rate of reticulocytes, lactate dehydrogenase (LDH),
and bilirubin combined with decreased haptoglobin, with or without a positive direct
antiglobulin test (DAT/direct Coombs test), should cast suspicion on hemolytic anemia
(PNH, autoimmune hemolytic anemia). Viral infections such as HIV, Parvovirus B19, CMV,
EBV, hepatitis B (HBV), and C virus (HCV) should be excluded. Lymphoid neoplasms
or plasma cell neoplasms can be identified with protein electrophoresis, immunofixation
and free light chain assays. Thyroid-stimulating hormone (TSH), antinuclear antibodies
(ANA), antineutrophil cytoplasmic antibodies (ANCA) and rheumatoid factor (RF) direct
towards a potential rheumatological disorder and abdominal ultrasound might identify
an underlying liver disease, splenomegaly, or lymphoma. Thalassemia and other forms
of hereditary hemoglobinopathies should be excluded according to ethnicity as well as
personal and family history.
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Figure 1. Stepwise diagnostic approach to thrombocytopenia in patients with suspected myelodysplastic syndromes (MDS)
or bone marrow failure (BMF) syndromes.
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Table 1. Primary laboratory evaluation in patients with unexplained thrombocytopenia.

Laboratory Test Provide Information on

Automated blood count (MPV, IPF), reticulocytes CBC. Quantitative values. Platelet size and production capacity of the
bone marrow.

Blood smear Pseudothrombocytopenia, schistocytes, dysplasia, blasts, general cell line;
changes and maturation

Substrates (folate, Vitamin B12/holoTC, iron tests) Substrate deficiency
PT, INR, aPTT, Fibrinogen Coagulopathy (DIC, TTP)
Liver and kidney tests function Liver or kidney disease
Infections (HIV, HCV, HBV, CMV, EBV, Parvo B19) Viral infection
Protein electrophoresis with immunofixation Lymphoid neoplasms, plasma cell neoplasms
Free light chains plasma cell neoplasms
LDH, bilirubin, haptoglobin, DAT Hemolysis
TSH (ANA, ANCA, RF) Autoimmunity
Abdominal ultrasound Liver disease, splenomegaly, lymph nodes enlargement

CBC: complete blood count; DAT: direct antiglobulin test; DIC: disseminated intravascular coagulation, holoTC: holotranscobalamin; IPF:
immature platelet fraction; LDH: Lactate dehydrogenase; MPV: mean platelet volume; TTP: thrombotic thrombocytopenic purpura.

3.2. Secondary Diagnostic Work-Up

Patients with suspicious findings with worsening/relevant cytopenia and exclusion
of other causes in the primary work-up should be referred to specialized centers for more
detailed investigations. Morphological evaluation of peripheral blood (PB), bone marrow
(BM) histology, and cytology with iron staining/assessment as well as cytogenetic analysis
are mandatory for the assessment of MDS and BMF. Cytogenetics is indispensable to
determine clonality and assess the disease-based risk in case of MDS [45,46]. Currently,
asservation of bone-marrow samples for eventual molecular diagnostics with NGS is also
advisable. NGS with myeloid panels is instrumental in all patients with unclear cytopenia
as well as MDS with normal cytogenetics since it might prove clonality, refine prognosis,
contribute to predicting treatment response, and serve as measurable residual disease
(MRD) marker after allogeneic hematopoietic stem cell transplantation (allo HSCT) [47].

3.3. Peripheral Blood Smear

Bi- or pancytopenia is common in both MDS and BMF; however, at their onset, single
cell lineages can also be affected. Non-regenerative anemia is almost a constant finding,
with suppression of reticulocyte production. RBC macrocytosis is a common feature for
MDS and BMF; however, relevant anisocytosis and/or poikilocytosis is predominantly
found in MDS [42]. The observation of iron deficiency in the presence of pancytopenia
should direct the investigations towards PNH. A normal WBC does not exclude an ab-
normal differentiation with neutropenia. Neutropenia can occur in varying degrees of
severity. Lymphocyte count is generally decreased in MDS but normal in BMF [48]. In
some cases, an expansion of large granular lymphocyte (LGL) can accompany AA. Its
clinical relevance remains frequently unclear and it can be difficult to distinguish from LGL
leukemia [41,49,50]. Monocytopenia may expand the differential diagnosis to hairy cell
leukemia. Cytomorphologic examination of the peripheral blood smear has to be done
microscopically to assess for morphologic abnormalities of RBC, dysgranulopoiesis and
abnormal platelets. The presence of hematopoietic precursors with or without blasts is sug-
gestive for an underling chronic myeloid neoplasm, whereas blasts without hematopoietic
precursors (hiatus leucaemicus) is characteristic of acute leukemia. Atypical lymphocytes,
e.g., hairy cells, suggest a lymphoproliferative disorder [42,51].

3.4. Bone Marrow Cytomorphology

Bone marrow cyto- (aspirate) and histomorphology (biopsy) are essential and com-
plementary for the diagnosis of MDS and BMF. The examination of bone marrow smears
reveals quantitative information about cellularity, assessment of the different hematopoietic
lineages (granulopoiesis, erythropoiesis, megakaryopoiesis), and the maturation stages.
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Increase of blasts or infiltrations of pathologic cell populations may be identified. Scant
amount of bone marrow particles can be found in BMF and sometimes in MDS; however, a
dry tap is unusual in BMF and suggests other diagnoses [52]. Quantitative and qualitative
dysplastic morphological alterations of bone marrow precursors and peripheral blood cells
are still fundamental for classification of MDS [44]. According to the 2016 World Health
Organization (WHO) update, the presence of at least 10% of dysplastic cells in at least
one hematopoietic lineage in the bone marrow is sufficient for a diagnosis of MDS [53].
Nevertheless, dysplastic features of hematopoiesis occur also in healthy individuals. On
the other hand, substantial clonal hematopoiesis may exist in cases with less than 10%
dysplasia. Following iron staining of the bone marrow smears, evidence of more than 15%
ring sideroblasts (that result from mitochondrial iron accumulation) [44] or, in the presence
of characteristic SF3B1 mutations, more than 5%, is a diagnostic criterion for MDS with
ring sideroblasts). Increase of marrow myeloblasts to 5% to 19% assign cases to advanced
MDS with excess of blasts 1 and 2 (EB-1 or EB-2).

3.5. Bone Marrow Histopathology

Bone marrow trephine biopsies reveal information on cellularity, lineage distribution
within the marrow space, and stroma fibrosis. In addition, bone marrow biopsy improves
the characterization of megakaryocytes, blast quantification, and characterization of clusters
of blasts: this phenomenon is known as “atypical localization of immature precursors”
(ALIP). Identification of MDS with fibrosis and also hypoplastic MDS (hMDS) is rendered
possible [44]. Likewise, histopathology is essential for the discrimination of MDS cases
from overlapping disorders. For better discrimination of MDS from CMML, monocytic
cells can be identified by immunohistochemistry, e.g., staining for CD68. Histopathology
is crucial for the diagnosis of BMF and requires representative and sometimes repetitive
sampling [54]. Aplastic and hypocellular BM is defined by a cellularity below 10% or 30%,
respectively. The quality of the trephine biopsy is particularly important in the elderly,
who have physiologically hypocellular marrow [55]. A typical AA marrow presents
with variable amounts of residual hematopoietic cells with large fat spaces. Abundant
plasma cells, lymphocyte and mast cell hyperplasia accompany the picture. Stromal cell
hyperplasia can simulate normal cellularity and the increase in lymphocytes and/or mast
cells sometimes pretend an infiltrative character. In such cases, immunohistochemistry or
flow cytometry may be required to rule out a lymphoid neoplasms or mastocytosis [56].
Erythropoiesis nests forming “hot spots” are characteristic as well [51]. A certain degree
of dyserythropoiesis with megaloblastic changes is frequently found in AA and needs to
be carefully distinguished from MDS. Granulopoiesis and megakaryocytes are usually
severely diminished or absent, without relevant dysplastic changes. Immunohistological
staining allows the identification, quantification as well as topographic distribution of blasts,
megakaryocytes, abnormal cells and infiltrates. Not infrequently, AA can be associated
with lymphoproliferative disorders [56–58].

3.6. Multiparameter Flow Cytometry

For MDS, flow cytometric scores have been developed to contribute to the diagnostic
process [59]. Dysplastic changes can be identified, e.g., by sophisticated interpretation
of surface marker abnormalities in the myeloid compartment, and immature progenitor
compartments can be identified. However, NGS seems to replace flow cytometry increas-
ingly for the detection of clonality in MDS [60]. Nonetheless, flow cytometry remains
essential to exclude other diagnoses, such as hairy cell leukemia. In patients with AA or
hypoplastic MDS, subclones of PNH may be identified, which contribute in confirming the
diagnosis. PNH clones are characterized by absence or severe deficiency of glycosylphos-
phatidylinositol (GPI)-anchored proteins, CD55, and CD59. Loss of the respective antigens
is detected by staining with monoclonal antibodies and a reagent known as fluorescent
aerolysin (FLAER) [61].
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3.7. Cytogenetics

In around 50% of patients with de novo MDS and in around 80% of patients with
therapy-associated MDS (t-MDS), clonal cytogenetic aberrations can be identified by chro-
mosome banding analyses. Entities, such as MDS with isolated 5q deletion according to
the WHO classification, can only be defined by karyotyping. Other examples of typical
clonal cytogenetic alterations in MDS are abnormalities of chromosomes 7 or 17p. It should
be considered that loss of the Y chromosome can be either clonal or age-related in male
patients, depending on the proportion of aberrant metaphases [53]. Additionally, the kary-
otype has a central role for the revised International Prognostic Scoring System (IPSS-R)
that discriminates five cytogenetic risk groups [46,62]. In AA, cytogenetic abnormalities
can be present in up to 15% of patients [63]. Frequent anomalies include trisomy 8, uni-
parental disomy of 6p, 5q-, anomalies of chromosome 7 and 13. While abnormalities of
chromosome 5 and 7 are very consistent with an underlying MDS, the finding of other
abnormalities is not diagnostic. AA patients with del(13q) were reported with favorable
response to immunosuppression [64,65]. Fluorescence in situ hybridization (FISH) allows
detecting chromosome abnormalities of interphase nuclei also in the case of insufficient
chromosome banding analysis. Vital cells are not required for interphase FISH. For patients
with suspected or proven MDS, comprehensive interphase probe panels detecting frequent
cytogenetic alterations, e.g., of chromosomes 7/7q, 5q, or 17p, may be used. Besides the
detection of relevant cytogenetic alterations, FISH allows to confirm or further clarify
doubtful results of chromosome banding analysis. At follow-up, the percentage of aberrant
interphase nuclei in the case of a previously detected abnormality can be monitored at a
sensitive level. Single nucleotide polymorphism (SNP) array analysis allows capturing
both DNA copy number and SNP based genotype at a submegabase resolution. This facili-
tates the detection of small areas of loss of heterozygosity (LOH) of uniparental disomy
(UPD) [66] and submicroscopic changes on a cryptic level [60,67]. However, array analyses
are increasingly loosing relevance since the introduction of NGS for diagnosis of MDS.

3.8. Next-Generation Sequencing

The detection of SM-LAGs by NGS has gained increasing importance in hematological
molecular diagnostics laboratories. NGS allows high-throughput screening for variants
that are relevant for diagnosis, classification, risk stratification and, treatment monitoring in
patients with hematologic malignancies [68]. At present, targeted sequencing using specific
panels covering hotspots of a selection of relevant genes is the method of choice for hemato-
logic diagnostics [69,70]. Examples for commercially available myeloid NGS panels include
the Illumina TruSight Myeloid panel (Illumina Switzerland GmBH, Zürich, Switzerland),
the Oncomine Myeloid panel (Thermo Fisher Scientific, Reinach, Switzerland), and the
Human Myeloid Neoplasms QiaSeq DNA Panel (Qiagen, Rotkreuz, Switzerland). These
panels cover hotspots in 25 to more than 50 genes. NGS-targeted sequencing shows a
sensitivity between 1% and 5–10%, depending on allele coverage and type of NGS. Each
NGS platform has its own technical limitation calling for caution to avoid false positive
and negative results. Interpretation of genetic variants relies on thorough assessment
using appropriate databases, and the differentiation of a MDS associated mutation from a
germline variant needs to be addressed whenever a variant is close to 50% variant allele
frequency (VAF). The knowledge on MDS-related markers and the information collected
in variant databases are undergoing constant changes, so that variant interpretation can
change over time.

3.9. Role of Next-Generation Sequencing in BMF

BMF have a high complexity on the molecular level. The molecular profile may show
overlaps with myeloid disorders, rendering the discrimination from MDS difficult. In
children and young adults with BMF, it will be necessary to rule out congenital forms
by molecular methods, while in older adults, the focus will be more likely on somatic
mutations. NGS allows investigating both relevant germline and somatic mutations. The
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choice of the most appropriate NGS gene panel is of utmost importance. Users of NGS
technology should be aware that new pathogenic relevant genes or non-coding regions, like
promoter or intronic regions, can be discovered after the design of the gene panel. For this
reason, whole exome sequencing is a method of choice for germline panels, allowing a re-
analysis of further genes without repetition of the analysis (caveat: non-coding regions are
usually missing). Copy number variation (CNV) is a phenomenon frequently observed in
BMF where large sections of DNA can be deleted or duplicated; sometimes whole genes are
missing. CNV can be detected by array-based comparative genomic hybridization (Array-
CGH) technology, which covers large parts of the genome, or multiplex ligation-dependent
probe amplification (MLPA) analysis, which focuses on specific genes or genomic regions.
Cytogenetic analysis is applied for detection of large chromosomal rearrangements, either
by karyotyping (for large rearrangements) or by FISH (for specific rearrangements).

The molecular diagnosis of some iBMF can be straightforward, while others are very
complex and heterogeneous [43,71–74]. DC is heterogeneous and shows complex clinical
criteria in concordance with complex genetic findings [75]. For suspected iBMF without
a specific clinical pattern, more and more heterogeneous clinical and molecular findings
are identified, resulting in newly recognized disease entities [76]. In addition to germline
variants, patients with different BMF entities may carry somatic mutations.

3.10. Discrimination of Germline from Somatic Mutations

Somatic NGS analysis in MDS yields a variety of different genetic variants in numerous
genes. Most of these variants can be assigned to two groups: first, clonal alterations in
relation to the hematologic disorder, and, second, benign germline variants. The first group
comprises driver mutations, contributing to the malignant development, and additional
passenger mutations. By now, numerous driver mutations are known, including RNA
splicing, DNA methylation, transcription, chromatin modification, signal transduction,
DNA repair, cohesin complex and associated proteins, RAS pathway, a variety of other
signaling molecules, and pathways such as TP53 [77]. The second group, the benign
variants, show always either 50 or 100% VAF, as they are germline variants, unless a somatic
deletion at this specific locus has happened, and they are usually listed in databases (UCSC,
gnomAD, others). However, there can be variants with a VAF close to 50%, or sometimes
distinctly above 50%, which are neither clearly benign nor clonal. Loss of heterozygosity
(LOH) needs to be considered in such cases (variant clearly over 50% VAF). Alterations in
the DX41, RUNX1, GATA2, and TP53 genes are potentially present in the germline and can
cause a predisposition to AML or MDS. For solid tumors, the American College of Medical
Genetics (ACMG) developed recommendations for the reporting of presumed germline
pathogenic variants (PGPVs) [78]. Confirmatory germline testing should be performed in a
specialized laboratory, and positive results have to be explained to the patient by clinicians
with genetic expertise.

4. Characterization of MDS and BMF

4.1. Challenges in Finding the Diagnosis of MDS and BMF

The approach to suspected MDS of BMF is work-intensive and requires expertise
in the interpretation and integration of the laboratory results from various diagnostic
modalities, which is best achieved within an interdisciplinary pathological review board.

The conditio sine qua non for MDS is the presence of unexplained cytopenia accom-
panied by signs of dysplasia in the peripheral blood or bone marrow and, at later stages,
increase of immature myeloid blasts. In many instances, cytomorphology alone is not
sufficient to confirm or exclude MDS. In such cases, bone marrow cytogenetic analyses can
help to identify clonality with chromosome abnormalities in ~50% of all affected patients.
NGS has increased the diagnostic sensitivity for the identification of clonal markers of
hematopoietic cells in most MDS patients. However, SM-LAGs may also be present in AA,
showing some overlap between AA and hMDS, and the distinction may be challenging
(Table 2).
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AA has phenotypic overlaps with many other hematological disorders, including
hypoplastic forms of MDS, AML, and lymphoblastic leukemia (ALL). Moreover, LGL,
PNH, and iBMF can manifest with a hypocellular BM. The diagnostic discrimination
of these entities is demanding, as AA can occur at any age, lacks specific diagnostic
markers, and remains a diagnosis of exclusion. For iBMF, such as telomeropathies and
FA, assessment of telomere lengths and chromosome fragility, respectively, are required.
(Figure 1). An integrated cyto-histologic/genetic score (hg-score) has been shown to be
useful to distinguish hMDS from AA [26,79] (Table 3). The correct diagnosis is especially
challenging in asymptomatic patients with moderate thrombocytopenia (PLT 50–100 G/L)
and otherwise unsuspicious peripheral blood values. The distinction from immunological,
infectious and toxic-reactive causes is critical, as the prognosis and evolution can differ
substantially depending on the underlying cause.

Table 3. Integrated cyto-histologic/genetic score (hg-score) for distinction of hypoplastic myelodys-
plastic syndrome (hMDS) and aplastic anemia (AA) [26].

Cytological/Histological Variables

Requisite criteria Scoring points

Bone marrow blasts AND/OR CD34 + cells ≥5% 2

Bone marrow blasts AND/OR CD34 + cells 2–4% 1

Fibrosis grade 2–3 1

Dysmegakaryopoiesis 1

Co-criteria

Ring sideroblasts ≥15% 2

Ring sideroblasts 5–14% * 1

Severe dysgranulopoiesis 1

Karyotype (co-criterion)

Presumptive cytogenetic abnormality * 2

Somatic mutation (co-criterion)

Specific high-risk mutation pattern ** 1
* According to World Health Organization (WHO) criteria [53] ** According to Malcovati et al. [79] Receiver
Operating Characteristic (ROC) analysis confirmed that a cutoff hg-score of 2 is associated with the highest
percentage of correctly classified (Area Under the Curve, (AUC) 0.89, p < 0.001).

Etiologies can also be multifactoral in elderly patients, i.e., transient aggravation of
thrombocytopenia can be observed during infections or drug-exposure in patients with
chronic, border-line thrombocytopenia. Delay in recovery after these intercurrences may
suggest deficiencies at the HSPC level.

4.2. Characterization of MDS

The challenge to distinguish reactive conditions from early stages of MDS has led an
international working group of MDS experts to define minimal diagnostic criteria required
for diagnosis of MDS (Table 4) [80]. MDS can develop either primarily or secondarily,
after previous radio- or chemotherapy, and are sub-classified according to the 2016 WHO
update (Table 5) [53]. Correct MDS sub-classification should be followed by appropriate
disease-based and patient-based risk stratification. The International Prognostic Scoring
System (IPSS), the revised IPSS (IPSS-R) as well as the WHO Prognostic Scoring System
(WPSS) can determine the risk for progression to AML and overall survival [45,46,81]. In
order to optimize efficacy against tolerability, patient-derived risk stratification is partic-
ularly important for elderly and frail MDS patients. Karnofsky and Eastern Cooperative
Oncology Group (ECOG) scores allow assessing the performance status but should be
complemented by assessment of comorbidity and frailty. The Charlson Comorbidity Index
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(CCI) was adapted by Sorror [82,83] and validated for MDS-patients that are sufficiently
fit for undergoing allo HSCT (hematopoietic stem cell transplantation comorbidity index:
HCT-CI) [84]. A simplified scoring system can be used for elderly MDS patients that
considers cardiac, pulmonary, renal and hepatic comorbidities as well as prior treatment
for solid tumors as most relevant factors (myelodysplastic syndromes comorbidity index:
MDS-CI) [85].

Table 4. Minimal diagnostic criteria for myelodysplastic syndromes (MDS) [80].

Criteria Major Diagnostic Tests

Prerequisite criteria (both must be fulfilled)
Constant cytopenia Blood counts (over 6 months)

Exclusion of all other diseases as primary cause of cytopenia⁄dysplasia BM smear and BM histology, cytogenetics, flow cytometry, molecular
markers, other relevant investigations *

MDS-related criteria (one of these must be fulfilled)
Morphological dysplasia in one of the three major lineages BM and PB smear, in certain situations BM histology
Blast count ≥5% BM smear and histology
Ring sideroblasts ≥15% or ≥5% and SF3B1 mutation Iron staining
Typical karyotype anomaly Conventional karyotyping and/or FISH
Co-criteria
Monoclonality of myeloid cells Molecular markers and mutations
BM stem cell function Circulating CFC, reticulocytes
Abnormal immunophenotype of BM cells Multicolor flow cytometry, immunohistochemistry
Abnormal gene expression profile mRNA profiling assays

BM, bone marrow; PB, peripheral blood; FISH, fluorescence in situ hybridization; CFC, colony-forming progenitor cells. * Investigations
depend on the case history and overall situation in each case, and should always include a complete chemistry profile with inflammation
parameters, immunoglobulins, a serum erythropoietin level, and a serum tryptase level.

Table 5. WHO 2016 classification for Myelodysplastic Syndromes (MDS) [53].

Subtype 1 No. of Dysplastic
Lineages

No. of Cytopenic
Lineages 2

% RS of all Erythroid
Cells in BM

% Blasts in PB or BM
AR: Auer Rods

Conventional
Cytogenetics

wtSF3B1 mSF3B1 BM PB AR
MDS-SLD 1 1 or 2 <15 <5 <5 <1 -
MDS-MLD 2 or 3 1–3 <15 <5 <5 <1 -
MDS RS-SLD 1 1 or 2 ≥15 ≥5 <5 <1 -
MDS RS-MLD 2 or 3 1–3 ≥15 ≥5 <5 <1 -

MDS del(5q) 1–3 1 or 2 n.a. n.a. <5 <1 -

Isolated del(5q)
+/− 1 add.
aberration without
del(7q)/−7

MDS EB-1 0–3 1–3 n.a. n.a. 5–9 2–4 -
MDS EB-2 0–3 1–3 n.a. n.a. 10–19 5–19 +
MDS-U <15 <5 <5 <1 -
(a) 1% blasts in PB 1–3 1–3 n.a. n.a. <5 1 3 -
(b) SLD with
pancytopenia

1 3 n.a. n.a. <5 <1 -

(c) defining
cytogenetic aberration

0 1–3 <15 4 n.a. <5 <1 -
MDS defining
cytogenetic
aberration

RCC 1–3 1–3 <15 ≤5 <5 <1 -

SLD: single-lineage dysplasia; MLD: multilineage dysplasia; RS: ring sideroblasts; EB: excess of blasts; RCC: refractory cytopenia of the
childhood; wt/mSF3B1: wild type or mutated SF3B1; PB: peripheral blood; BM: bone marrow; AR: Auer rods. 1 Without previous cytotoxic
treatment or germline predisposition for myeloid neoplasms. 2 Cytopenias: hemoglobin <100 g/L, thrombocytes <100 G/L, neutrophils
<1.8 G/L, monocytes <1 G/L. 3 1% blasts in PB must be confirmed with a 2nd analysis. 4 ≥15% RS corresponds to MDS-RS-SLD. CAVE:
If ≥50% are erythroid precursors and ≥20% blast cells of non-erythroid-lineage but <20% of all cells, this corresponds now to MDS
(MDS-SLD/MLD or EB) and not any more to AML M6 erythroid/myeloid.

4.3. Relevance of Thrombocytopenia in the Context of MDS Patients

Thrombocytopenia in MDS patients is mainly caused by insufficient or ineffective
thrombopoiesis, but some patients may have additional immunological mechanisms tar-
geting the mature platelets as well as the megakaryocytic progenitor cells in the bone
marrow [86]. In these circumstances, the morphological differential diagnosis between
MDS and immune thrombocytopenia (ITP) and the amegakaryocytic form of AA requires
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identification of characteristic genetic lesions. In retrospective studies, 12% of MDS patients
had isolated thrombocytopenia as first presentation [87] and 20% of patients, who were
initially classified as ITP, were reclassified with an unusual presentation of MDS [88]. In
a review of MDS patients referred to the MD Anderson Cancer Center, 67% of patients
were thrombocytopenic (PLT < 100 G/L), of which 26% had moderate (PLT 20–50 G/L)
and 17% severe (PLT < 20 G/L) thrombocytopenia [89]. Thrombocytopenia and severe
thrombocytopenia were more prominent in higher risk (77% and 20%) compared to lower
risk disease (51% and 12%) [89]. The impact of thrombocytopenia on morbidity and mor-
tality is relevant, as half of all MDS patients experience bleeding and a quarter experience
even serious bleedings during the course of disease [89,90]. Bleeding episodes can be
triggered by treatments with antiplatelet agents or anticoagulants for cardiovascular or
thromboembolic comorbidities. Bleeding can be related to quantitative thrombocytopenia
(PLT < 10–20 G/L) but also qualitative platelet defects (dysfunctional platelets) [91], caused
by somatic or germ-line mutations (i.e., ETV6, RUNX1, ANKR1) [92]. Isolated chronic
thrombocytopenia is rare in MDS patients as other lineages are frequently affected either
by mild cytopenia or dysplasia [93]. Based on the increased awareness of MDS, earlier
hematological assessment of mild cytopenias, and increased use of NGS panels, we and
others are currently observing an increasing number of patients with isolated thrombo-
cytopenia as initial manifestation of MDS. Other than that, primary myelofibrosis (PMF)
may also present with isolated thrombocytopenia. In such cases, splenomegaly may be
detected, accompanied by circulating dakryocytes, myeloid, or erythroid precursors and
thrombocyte anisocytosis [53].

4.4. Characterization of BMF

The rarity of AA, the difficulties in establishing the correct diagnosis due to the lack
of specific markers, and the overlaps with other disorders can delay its diagnosis. When
AA occurs in children, congenital forms should be considered. iBMF should be considered
in patients with a family history of cytopenias, tendency to cancer, or certain unexplained
liver or lung conditions independent of their age. In older adults, the discrimination from
hMDS is mandatory and particularly difficult (Tables 2 and 3).

Identifying the correct underlying disease has implications on the type of treatment.
For example, in patients with AA resulting from a nuclear accident as in Chernobyl, allo
HSCT is the only option [94], as damage of the hematopoietic cells will not respond to
immunosuppressive treatment. Following confirmation of AA and identification of the
underlying pathomechanism, its severity must be defined as basis for further therapeutic
decisions [95,96].

4.5. Isolated Thrombocytopenia as First Presentation of a BMF

Isolated thrombocytopenia will be interpreted and treated as ITP in some patients
and only in the course of the disease, a BMF will be finally diagnosed [97]. Nowadays, in
accordance with international guidelines, patients with suspected ITP do not necessarily
undergo bone marrow investigation [1], and marrow investigations will be done only after
failure of standard therapy. Some reports suggested that acquired amegakaryocytic throm-
bocytopenia may precede AA [98–100]. In cases of isolated thrombocytopenia, a detailed
personal and family medical history is mandatory, evaluating history of cytopenias, hema-
tological diseases, or a tendency to certain tumors. In a patient with thrombocytopenia,
the finding of dysmorphic nails, a history of gray hair early in life, café au lait spots, or
any type of physical dysmorphia may suggest an underlying iBMF. Likewise, a history of
fibrotic lung disease, liver, or skeletal changes are reasons to consider a consultation in a
specialized center [41].

4.6. Aplastic Anemia and PNH

PNH is a rare bone marrow failure disorder that manifests with hemolytic anemia,
thrombosis, and peripheral blood cytopenias. The absence of two glycosylphosphatidyli-
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nositol (GPI)-anchored proteins, CD55 and CD59, leads to uncontrolled complement
activation that accounts for hemolysis and other PNH manifestations [61]. PNH and AA
are related entities [101]. Patients with the typical hemolytic form of PNH can develop AA
and around 50% of patients with the acquired form of AA typically have PNH clones [102].
PNH clones accompanying AA are smaller than they are in the PNH hemolytic form. Flow
cytometry is the gold standard method for detection and diagnosis of PNH [103]. In AA,
PNH clones should be quantified at presentation and at follow-up by serial monitoring
every 6 to 12 months, even when the initial result was negative.

4.7. Inherited Bone Marrow Failures (iBMF)

In patients with BMF, a positive family history that includes other affected members
with cytopenia or malignancy suggests an iBMF. The presence of unusual clinical features
(skin, liver, lung, skeletal disease) should alert to the possibility of a congenital form of
BMF. A normal clinical examination does not definitively rule out asymptomatic forms
of telomeropathies or non-classical presentations of FA. If FA is suspected, investigations
that may demonstrate higher sensitivity to chromosomal breakage with mitomycin C or
diepoxybutane are necessary [104]. These investigations should be carried out in patients
with suspicion of an underlying iBMF. If the mitomycin C or diepoxybutane test is positive,
all family candidates to be donors for allo HSCT should also be investigated to rule
out asymptomatic forms of FA. In patients with FA, the correct diagnosis is of urgent
importance, as less toxic conditioning regimens are mandatory in the case of allo HSCT
due to defective DNA repair mechanisms.

Measurement of the telomere length of peripheral blood leukocytes can be performed
as a screening test in case of suspected telomeropathy. A variable percentage of patients
without telomeropathies will also show telomere attrition [23,24]. Mutations in the TERC
and TERT genes for example can cause telomeropathies in both children and adults [25].
When telomeropathies occur in adult patients they are more subtle in their clinical presen-
tation, which renders their detection difficult.

4.8. Future Challenges: Unexplained Thrombocytopenia with Clonal Hematopoiesis

After thorough diagnostic assessment, patients with unexplained thrombocytopenia
may show insufficient dysplastic morphological changes and lack MDS-defining cyto-
genetic alterations or sufficient criteria for BMF. These disease forms can be assigned to
Idiopathic Cytopenia of Unknown Significance (ICUS), if other clinical conditions are
insufficient to explain the cytopenia [80]. In the case that the severity of thrombocytopenia
imposes the need of therapeutic intervention, a steroid trial may be justified, whereas in
mild to moderate cases observation for 3–6 months is sufficient [105]. As shown in recent
years by numerous large studies, SM-LAGs can be identified by NGS in the peripheral
blood in an age-dependent, increasing frequency in the elderly population, in up to 20–40%
of individuals aged more than 80 years. These mutations are per se not indicative for a
hematological neoplasia [106–110], and the affected individuals have generally normal
peripheral blood values or only mild cytopenia that do not otherwise fulfill the diagnostic
criteria for a hematological malignancy [111]. In case that the variant allele frequency (VAF)
of the respective mutations is 2% or more, the condition is termed clonal hematopoiesis
with indeterminate potential (CHIP) in otherwise healthy individuals with normal blood
values, or clonal cytopenia with unknown significance (CCUS) in individuals with cytope-
nia, respectively [79,109]. CHIP and CCUS can be considered facultative precanceroses as
they are at an increased risk for transformation to overt hematological neoplasms in a rate
of 0.5–1% per year [111]. If SM-LAGs present with a VAF level ≥10% or with evidence
of two or more somatic associated mutations, a myeloid neoplasm can be diagnosed in
patients with unexplained cytopenia with a positive predictive value of >85% [79]. How-
ever, with the exception of mutations in spliceosome genes, single mutations in DNMT3A,
ASXL1 and TET2 (DAT mutations) with a VAF <10% are not sufficiently predictive for the
diagnosis of a myeloid malignancy, especially in elderly individuals [109]. On the contrary,
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a negative analysis with a panel of ≥40 genes can exclude a myeloid malignancy with a
negative predictive value of >80% [79]. In summary, the advent of NGS has substantially
increased the diagnostic sensitivity for detecting clonality and poses some novel challenges
in the correct interpretation of these results. Some of those patients will fulfill the criteria
for overt myeloid neoplasm as specified above, which will inevitably contribute to steadily
increasing incident cases of MDS and associated disorders.

5. Conclusions

• Unexplained chronic thrombocytopenia has to be considered as an early and unusual
presentation in MDS or BMF.

• Patient’s history remains crucial to identify suspicious cases and for the correct inter-
pretation of primary laboratory values.

• Various diagnostic modalities are required to confirm or exclude MDS or BMF and an
interdisciplinary workup is frequently required, especially in difficult cases.

• Meticulous assessment of the PB smear, BM cyto- and histomorphology, as well as cy-
togenetics are the mainstay of diagnostic evaluation, and is nowadays complemented
by NGS and other specialized analyses (telomere length, DNA breakage).

• Repeated bone marrow investigation may be necessary, especially in cases with
hypocellular BM for the distinction of sampling errors, reactive-toxic conditions,
BMF, and hypoplastic MDS.

• In some occasions, conclusive diagnosis is only possible after follow-up. How-
ever, NGS has substantially contributed in identifying early conditions of clonal
hematopoiesis, but additional challenges arise for classification and prognostication.
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Abstract: Patients who suffer from inherited or acquired thrombocytopenia can be also affected by
platelet function defects, which potentially increase the risk of severe and life-threatening bleeding
complications. A plethora of tests and assays for platelet phenotyping and function analysis are
available, which are, in part, feasible in clinical practice due to adequate point-of-care qualities.
However, most of them are time-consuming, require experienced and skilled personnel for platelet
handling and processing, and are therefore well-established only in specialized laboratories. This
review summarizes major indications, methods/assays for platelet phenotyping, and in vitro function
testing in blood samples with reduced platelet count in relation to their clinical practicability. In
addition, the diagnostic significance, difficulties, and challenges of selected tests to evaluate the
hemostatic capacity and specific defects of platelets with reduced number are addressed.

Keywords: thrombocytopenia; bleeding; platelet function tests; platelet disorders; platelet count;
flow cytometry

1. Introduction

Platelet bleeding disorders are a heterogeneous group in terms of frequency and bleed-
ing severity. They are characterized by qualitative/function and/or quantitative/number
platelet defects. Patients with a platelet count of less than 150 × 109/L in whole blood
present with thrombocytopenia, which is caused by inadequate megakaryopoiesis and
platelet production or enhanced platelet clearance due to platelet destruction or patholog-
ical platelet activation. Rare gene defects cause inherited thrombocytopenia, but throm-
bocytopenia is more frequently acquired in response to systemic disease manifestations
(e.g., uremia, liver disease, and myeloproliferative disorders), autoimmune diseases (e.g.,
idiopathic thrombocytopenic purpura (ITP), heparin-induced thrombocytopenia (HIT),
thrombotic thrombocytopenic purpura (TTP), and antiphospholipid syndrome), infection,
pregnancy, surgery, transfusion, and certain drugs (e.g., heparin, thiazide diuretics, and ta-
moxifen). Severe thrombocytopenia with a platelet count of less than 50 × 109/L increases
the risk of spontaneous skin and mucocutaneous bleeding diathesis, such as petechiae,
ecchymoses, epistaxis, menorrhagia, and gastrointestinal bleeding. However, bleeding
due to major hemostatic challenges (e.g., surgery and trauma) is especially frequently
observed when moderate (50–100 × 109 platelets/L) and even mild thrombocytopenia
(>100–<150 × 109 platelets/L) is associated with inherited or acquired platelet dysfunc-
tion [1].

Though inherited platelet function disorders are rare, their prevalence is underesti-
mated due to limited diagnostic potential. Multiple platelet phenotype and functional
tests are recommended by different laboratory guidelines for the diagnosis of platelet
function disorders [2–4]. Recently, the Scientific and Standardization Committee (SSC)
“Platelet Physiology” of the International Society on Thrombosis and Haemostasis (ISTH)
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established a three-step algorithm of platelet function tests for the identification of well-
known and complex entities of inherited platelet function disorders, which are commonly
associated with mild-to-moderate bleeding diathesis [3,5]. However, only a couple of tests
allow for a standardized and easy-to-use analysis of platelet function in clinical routine
practice. Indeed, most platelet function tests require skilled personnel and are restricted
to specialized platelet laboratories, which have to ensure intra-laboratory standardization
and validated reference values. Furthermore, platelet function testing in thrombocytopenia
requires expertise and experience about sensitivity and the limitations of reduced platelet
counts for each test. This review addresses major indications, methods/assays for platelet
phenotyping, and in vitro function testing in blood samples with reduced platelet count in
relation to their clinical practicability. In addition, the diagnostic significance, difficulties,
and challenges of selected tests to evaluate the hemostatic capacity and specific defects of
platelets in reduced number are summarized.

2. Indications for Testing Platelet Phenotype and Function in Thrombocytopenia

Though a low platelet count significantly increases the risk for hemorrhagic com-
plications, many patients with thrombocytopenia, even with a severe reduction of the
platelet count, do not suffer from spontaneous, clinically relevant bleeding. Previous
studies have not provided much evidence that bleeding risk is associated with platelet
count in patients with acquired thrombocytopenia caused by hematological malignancies,
non-hematological cancer, sepsis, and chronic liver and renal disease [6–8], and impaired
platelet function has been demonstrated in these disease entities [9–12]. However, the
molecular mechanisms responsible for platelet dysfunction in acquired thrombocytopenias
are only marginally understood. There is evidence that alterations in megakaryopoiesis and
platelet production leads to defective platelet activation/aggregation and granule storage
pool deficiency (SPD) in patients with acute leukemia and myelodysplastic syndromes [9].
Patients with advanced chronic liver, e.g., cirrhosis, and kidney disease, e.g., uremia, are
known to show impaired platelet activation induced by several agonists, as determined
by flow cytometry (see Section 5.3) and aggregation tests (see Section 5.1). Acquired stor-
age pool defects, defective transmembrane signaling associated with the reduced surface
expression of integrin αIIbβ3 and proteolytically cleaved glycoprotein (GP) Ibα, dysreg-
ulated arachidonic and thromboxane A2 (TxA2) metabolism, diminished cytosolic Ca2+

release/entry, and elevated cytosolic levels of inhibitory second messengers, i.e., cyclic
adenosine monophosphate (cAMP) and guanosine monophosphate (cGMP), have been
observed for both systemic diseases. On the one hand, it has been suggested that the
hyporeactive platelet phenotype in vitro is caused by in vivo activation and “exhaustion”
during intravascular activation. On the other hand, increased levels of different plasma
factors, e.g., fibrin(ogen) degradation products, bile salts, ethanol, and uremic toxins (like
phenol, phenolic acid, and guanidine succinic acid), may interfere with platelets, thus lead-
ing to hyporeactivity [10,12,13]. An increased in vivo activation status of platelets, leading
to platelet exhaustion and impaired platelet reactivity in vitro, is observed in patients
with sepsis when bacterial and viral infections are dysregulated. Here, platelet activation
is mediated by direct interactions with pathogens via pattern recognition receptors, the
release of inflammatory mediators from leukocytes and endothelial cells, and complement
activation [11]. The enhanced formation of pathogen-coated and -stimulated platelets
drives platelet clearance and turnover, leading to thrombocytopenia and increased levels of
more reactive immature/reticulated platelets, respectively (see Section 3.3). The immature
platelet fraction has been suggested to predict sepsis severity [14].

In addition, platelet dysfunction associated with acquired thrombocytopenia is fre-
quently observed in hospitalized patients to be caused by iatrogenic etiologies, includ-
ing drug-induced immune thrombocytopenia [15,16], major surgery, and extracorpo-
real/mechanical circulatory support. Ventricular assist devices (VADs) and the extra-
corporeal membrane oxygenation (ECMO) device induce pathological hemodynamics
associated with high shear stress and contact of platelets with non-physiological mechan-
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ical surfaces. Acquired von Willebrand disease (VWD) may result from elevated shear
stress conditions and is characterized by the loss of high-molecular-weight multimers of
the von Willebrand factor (VWF), leading to impaired VWF-mediated platelet functions.
Furthermore, platelets become activated by interacting with non-physiological mechanical
surfaces, leading to the pronounced platelet consumption and impaired capacity of granule
secretion and aggregation in vitro [17].

Inherited thrombocytopenias are commonly caused by pathogenic variants of genes
encoding for proteins involved in megakaryopoiesis (e.g., thrombopoietin (THPO)/ myelo-
proliferative leukemia virus (MPL) signaling and transcription regulation), megakaryocyte
maturation (i.e., granulopoiesis and trafficking), and platelet production/release (i.e., cy-
toskeleton regulation and glycoprotein receptor signaling). For a detailed overview of
inherited thrombocytopenias, the reader is referred to the review about inherited throm-
bocytopenias by Paolo Gresele in this special issue on “The Latest Clinical Advances of
Thrombocytopenia.” Recent studies have shown that a significant proportion of defective
genes causing thrombocytopenia also affect platelet function. Figure 1 and Table S1 present
an overview of important disease-causing genes related to thrombocytopenia that are
associated with platelet function defects. Biallelic Bernard–Soulier syndrome (BSS), gray
platelet syndrome (GPS), platelet type VWD, and Wiskott–Aldrich syndrome (WAS) are
well-known platelet number and function disorders that are additionally characterized by
abnormal platelet volume. Thus, the intrinsic hemostatic capacity of platelets needs to be
viewed as reflection of platelet count, size/volume (platelet mass), and function.

Figure 1. Current view of important thrombocytopenia-causing genes associated with platelet function defects. Gene names
(blue italic font), activating responses (black arrow), inhibitory effects (red blunted arrow), and gene mutation consequences
(red line) are indicated, and further details are listed in Table S1 [18–22]. MYH9-associated platelet dysfunction according to
a case report [23]. VWF: Von Willebrand factor; ADP: adenosine diphosphate; PAR: proteinase-activated receptor; PLA2:
phospholipase A2; PKA: protein kinase A; STIM-1: stromal interaction molecule-1; TMEM16F: transmembrane protein
16F; TxA2: thromboxane A2; TP: TxA2 receptor; AA: arachidonic acid; PGI2: prostacyclin; DTS: dense tubular system; GP:
glycoprotein; PS: phosphatidylserine.
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Overall, platelet function testing in thrombocytopenia is essential (1) if the level of
platelet count reduction cannot explain the bleeding tendency and (2) to complement
the diagnosis of known and novel thrombocytopenic diseases with potential bleeding
risk, even when pathogenic or likely-pathogenic mutation(s) could be identified by next
generation sequencing (NGS). Platelet function tests allow for, depending on the technique,
(1) the evaluation of the overall hemostatic platelet activity and (2) the identification of
specific platelet function defects and their molecular targets. It is noteworthy to recapitulate
the strengths and limitations of each platelet function test with regard to the sensitivity
and specificity for different platelet function parameters and their utility for the analysis
of the global hemostatic capacity of whole blood, the intrinsic hemostatic capacity of
platelets, and specific platelet responses/molecular targets. Platelet function testing may
only contribute to the evaluation of the potential bleeding risk in thrombocytopenia, as
other hemostatic factors of other blood and vascular cells could impair overall hemostatic
capacity. In addition, prospective clinical cohort studies, which are yet very limited, are
necessary for the evaluation of the predictive value of platelet function tests for bleeding,
especially in case of thrombocytopenic diseases. Thus far, there is a lack of evidence
for most platelet function assays to predict prophylactic platelet transfusions or other
“pro”-platelet therapies.

3. Platelet Phenotyping in Thrombocytopenia

Before platelet function testing should be applied, an extensive clinical evaluation of
the patient’s and family’s bleeding history; an examination of other disease manifestations,
medication and/or food affecting platelet function; a laboratory assessment of platelet
count, size, morphology, as well as of plasma coagulation/fibrinolysis and VWF parameters,
are essential.

3.1. Bleeding Assessment Tool (BAT)

The use of a standardized bleeding assessment tool (BAT) is recommended to calculate
a bleeding score for the accurate evaluation of the bleeding tendency. In addition to
the bleeding score of the World Health Organization (WHO), several BATs have been
established, especially for type 1 VWD [24]. More recently, the SSC “Platelet Physiology”
of the ISTH performed a validation study to test the diagnostic utility of the type 1 VWD
ISTH-BAT for inherited platelet function and number disorders in a large cohort with
more than of 1000 patients across 17 countries worldwide [25]. Inherited platelet function
disorders (IPFDs), including major disorders with 40% Glanzmann thrombasthenia, 11%
δ-SPD, and about 10% primary secretion defect, as well as 10% thrombocytopenic patients
with biallelic BSS, showed a median bleeding score of 9 and an excellent discrimination
power between IPFD (bleeding score > 6) and age/sex-matched healthy controls compared
to the WHO bleeding score. In contrast, inherited platelet number disorders (IPNDs),
including major disorders with about 41% MYH9-related disorders, 22% ANKRD26-related
thrombocytopenia, 19% monoallelic BSS, and 8% ETV6-related thrombocytopenia, had
a median bleeding score of 2, and ISTH-BAT had a poor discrimination power between
IPND and healthy controls. This study also confirmed that patients with IPFD have a
higher number of bleeding symptoms and a higher percentage with clinically relevant
symptoms than patients with IPND. However, a specific comparison of the ISTH bleeding
score between thrombocytopenic patients without and with associated platelet dysfunction
has not been performed yet.

3.2. Laboratory Assessment of Platelet Count, Size and Global Morphology

Platelet counting in ethylenediaminetetraacetic acid (EDTA)-anticoagulated whole
blood is the first step of platelet phenotyping, especially to exclude thrombocytopenia.
Automatic impedance-based cell counters enable the discrimination of low platelet counts
when the mean platelet volume is calculated within normal ranges. However, enlarged or
giant platelets are not detected as platelets, and sometimes conjugation between platelets
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and with leukocytes occur (pseudo-thrombocytopenia in EDTA-anticoagulated whole
blood), leading to artificially lower platelet counts. In case of an automatically calculated
reduced platelet count, the analysis of a May–Grünwald–Giemsa-stained blood smear
of EDTA- and non-EDTA- (e.g., 3.2%/109 mM tri-sodium-citrate) anticoagulated whole
blood is recommended by light microscopy for the calculation of the count of normal and
abnormal sized platelets (e.g., microplatelets detected in WAS and giant platelets observed
in biallelic BSS), as well as to exclude pseudo-thrombocytopenia. This method also allows
for the assessment of the first morphological alterations of platelets. A pale phenotype
of large platelets is indicative of a deficiency of α-granules, as observed for the classical
GPS caused by pathogenic NBEAL-2-variants, GFI1b-related thrombocytopenia caused by
GFI1b-mutations, and the arthrogryposis—renal dysfunction—cholestasis (ARC)-syndrome
caused by pathogenic gene variants in VPS33B or VIPAS39. GATA1-related diseases are
typically characterized by a subpopulation of large and vacuolated platelets, and they could
be associated with a decreased number of α-granules or a combined α-/δ-storage pool
defect [26,27]. In contrast, alterations in the phenotype of neutrophils with “Döhle-like”
bodies associated with giant platelet populations are typical for MYH9-related diseases
such as the May–Hegglin anomaly [18,28] (Table S1 and Figure 1). However, platelet
δ-granule defects are not detectable on a conventionally stained blood smear.

3.3. Blood Smear Analysis by Immunofluorescence Microscopy

Recently, advanced immunofluorescence microscopy was used to analyze dried blood
films stained with fluorochrome-labeled monoclonal antibodies detecting platelet-specific,
surface receptor-related proteins (e.g., GPIb and GPIX of the VWF-receptor complex),
α-granule membrane and cargo proteins (P-selectin, thrombospondin-1 (TSP-1), and VWF),
and cytoskeletal proteins (i.e., β1-tubulin and filamin-A). This technique facilitates the
phenotypic diagnosis of a BSS, α-granule deficiency-related macrothrombocytopenias (e.g.,
GPS and GFBI1-related thrombocytopenia), and TUBB1- and FLNA-related thrombocytope-
nia [29,30] (Table S1 and Figure 1).

3.4. Quantitation of Immature/Reticulated Platelets

On the other hand, increased thrombopoiesis in acquired thrombocytopenia, as ob-
served in immune thrombocytopenia or after severe infection, leads to an increased number
of young/immature circulating platelets that are larger and enriched in messenger RNA—
so-called “reticulated” platelets [31]. There is evidence that reticulated platelets are more
reactive than “mature” platelets, and reticulated platelets have been suggested to have
the potential to partly compensate for impaired hemostasis in thrombocytopenic ITP pa-
tients [32]. However, the use of immature platelet levels as predictive markers for bleeding
in thrombocytopenic patients needs further validation in large prospective clinical studies.
Some types of fully automated hematology analyzers used in clinical routine laboratories
are based on light scatter and fluorescence detection, which allows for the quantification of
large(r) and reticulated platelets stained with RNA-specific fluorescent dyes (immature
platelet count or fraction in percent). Though automated hematology analyzers offer stan-
dardization for different labs, results obtained from laboratories of different companies are
not yet comparable [31].

3.5. Flow Cytometry

The flow cytometric analysis of platelet count, size, and immature platelets (RNA
stained by thiazole orange or SYTO-13) serves as alternative technique, but skilled per-
sonnel is required to permit intra-laboratory standardization and validation [33,34]. The
quantitation of platelet surface receptors in citrated whole blood or the assessment of
mepacrine uptake in isolated platelets ex vivo at resting conditions by flow cytometry is
recommended to support the diagnosis of receptor-linked thrombocytopenias (e.g., BSS) [3]
or δ-SPD [35] (see Section 5.3).
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3.6. Phenotyping of Platelet Granule Defects by Electron Microscopy and ELISA

Sophisticated transmission electron microscopy techniques allow for the detailed
analysis of the altered ultrastructure and morphology of platelets, even at low platelet
count [36,37]. In specialized laboratories, a reduced number or deficiency of platelet α- and
δ-granules can be validated by transmission electron microscopy and whole mount electron
microscopy, respectively [38]. Advanced focused ion beam-scanning electron microscopy
enables the visualization of the spatial distribution of platelet α- and δ-granules but is
also restricted to specialized laboratories [39]. Commercially available ELISA-based tests
allow for the quantitation of specific α-granule proteins, e.g., platelet factor 4 (PF4), β-
thromboglobulin, and TSP-1, in the lysates of resting platelets, which are separated from
plasma proteins. The sensitivity of such ELISAs determines the cut-off for the platelet
count in isolated platelet samples. Granule defects are frequently observed for distinct
syndromic thrombocytopenias such as WAS, GPS, and ARC (reduced number or deficiency
of α-granules), as well as Paris-Trousseau and Jacobsen syndromes (alterations in α-granule
phenotype and δ-SPD) (Table S1 and Figure 1).

4. Point-of-Care-Related Platelet Function Tests

The practicability of platelet function tests in clinical routine is defined by point-of-care
(POC) attributes, e.g., near patient usage, simple and easy use, automatization, and rapid
read outs. These attributes prefer analysis in whole blood without sample processing. The
spectrum of platelet function tests is remarkable [40]. However, only a few tests share the
POC criteria. This section summarizes the limitations and challenges of thrombocytopenia
for a selection of frequently clinically used platelet function tests.

4.1. Impedance-Based Aggregometry—Multiplate® Analyzer

Platelet aggregation responses induced by a variety of platelet agonists are widely
used read-out parameters for screening platelet function in primary hemostasis (Figure 1).
Impedance-based multiple electrode aggregometers allow for the quantitation of platelet
aggregation in anticoagulated whole blood through the detection of increased electrode
coating by aggregated platelets over time under stirring conditions at 37 ◦C. These global
devices allow for the assessment of the hemostatic capacity of platelets determined by
platelet count, size, and function, but they also represent the overall hemostatic capacity
of whole blood, which is further affected by red blood cells (hematocrit) and leukocytes
(count and function) [2,41].

The Multiplate analyzer® serves as clinical pioneer of multiple electrode aggregometry,
which was originally developed as semi-automated POC monitoring test for antiplatelet
drugs (e.g., aspirin, purinergic adenosine diphosphate (ADP) receptor P2Y12 blockers, and
GPIIb/IIIa antagonists) in diluted hirudin-anticoagulated whole blood [42,43]. However, its
utility for the diagnosis of platelet dysfunction is quite limited. This test showed a good
correlation with light transmission aggregometry according to Born (see Section 5.1) in
detecting impaired platelet aggregation from patients with severe platelet function disorders
and normal platelet count, such as Glanzmann thrombasthenia [44,45]. Conversely, it lacks
sensitivity and specificity for the diagnosing of mild platelet disorders [46,47], which are
frequently observed in thrombocytopenias [18] (Table S1). In addition, multiple electrode
aggregometry shows a high sensitivity for platelet count in samples from thrombocytopenic
patients [48], as well as from healthy donors after the adjustment of platelets in vitro to low
and even to normal (150–450 × 109/L) counts [49]. Notably, the platelet count is recommended
to be adjusted with a buffer (e.g., Tyrode’s buffer at pH 7.4) and not with platelet-poor plasma
(PPP) due to the potential inhibitory effects of PPP on platelet function [49,50]. Thus, the
Multiplate device is able to screen the hemostatic capacity of the whole blood environment and
antiplatelet drugs, but it is not recommended for the specific detection of platelet dysfunction
in thrombocytopenia [3,49]. Alternatively, control samples with adjusted platelet count have
the potential to serve as references [32,49,51]. However, the preparation of such standardized
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and validated control samples is very time-consuming and requires expertise in platelet
handling, which is commonly not feasible in clinical practice.

4.2. Platelet Function Analyzer (PFA)

The platelet function analyzer (PFA-100®, INNOVANCE® PFA-200) was originally
developed as rapid and standardized technique to assess bleeding time in vitro. This test
measured the occlusion time in seconds of a collagen/ADP or collagen/epinephrine-coated
aperture when platelets adhere and aggregate under high arterial shear rate (>5000/s) in
buffered citrated (3.8%) whole blood [52]. Thus, global VWF-dependent primary hemosta-
sis is screened, and the pathological prolongation of the closure time may be indicative of a
moderate-to-severe VWD or platelet function defects [47,53,54] but not for mild platelet
disorders (e.g., storage pool defects and primary secretion defects) due to the lack of speci-
ficity and sensitivity [55,56]. In addition to VWF levels, important determinants are low
hematocrit and platelet count. Therefore, samples from thrombocytopenic patients with a
platelet count <100 × 109/L and/or a hematocrit measurement of less than 30% should
not be analyzed. Due to all these limitations, the PFA device is no longer recommended by
the ISTH and others for the diagnosis of platelet function defects [3,57].

4.3. Impact-R™ System

The Impact-R™ system represents a semi-automated cone and plate(let) analyzer
(CPA). Platelet adhesion and aggregation are determined on a polystyrene surface immo-
bilized by plasma proteins (e.g., VWF) in citrated whole blood under arterial shear rate
(1800/s), which is induced by a rotating cone. May–Grünwald-stained platelets are quan-
tified as the percent surface coverage and average size in μm by an image analyzer [58].
Similar to the PFA device, the CPA is sensitive to VWF plasma levels, hematocrit, and
platelet count, but it could be used as a supportive platelet function test for the diagnosis
of biallelic BSS [59] and for the analysis of the effect of low plasma a disintegrin and metal-
loprotease with thrombospondin type 1 motif 13 (ADAMTS-13) activity on VWF-mediated
platelet adhesion and aggregation in patients with TTP [60]. The CPA device even allows
for the analysis of blood samples from patients with severe acquired thrombocytopenia
such as ITP [61]. However, previous studies with thrombocytopenic patients have been
very limited and did not adjust for platelet count and hematocrit in control samples [62].

4.4. Thromboelastography/Metry

The viscoelastic-based methods, thromboelastography (TEG®) and thromboelastometry
(ROTEM®) quantify different parameters of global coagulation and fibrinolysis, respectively,
in anticoagulated whole blood, characterized by clot initiation, formation, strength/stiffness,
and clot resolution/lysis. Both devices were primarily developed for the peri-/post-operative
coagulation and transfusion management [63]. Platelet reactivity in vitro significantly con-
tributes to thrombin generation, clot retraction, and the activation of fibrinolysis [64,65], and
the interaction between platelets, fibrin, and its stabilization by activated factor XIII are impor-
tant determinants for clot strength. However, thromboelastography/metry is not sufficiently
sensitive to alterations in platelet function induced by antiplatelet drugs such as aspirin and
P2Y12 blockers [66]. Therefore, the TEG system has been updated to the Platelet Mapping™
system, which is more sensitive to the platelet-induced increase of clot strength in response
to arachidonic acid and ADP. However, sensitivity to platelet dysfunction is still limited and
only valid for severe platelet function defects, as observed for the non-thrombocytopenic inher-
ited disorder Glanzmann thrombasthenia [67]. Strikingly, clot strength is also affected by low
platelet count in thrombocytopenic samples, so it is not surprising that a lower clot strength
is observed in samples from severe and moderate thrombocytopenic patients with BSS and
immune thrombocytopenia [67–69]. A prospective observational study, ATHENA (risk factors
for bleeding in haematology patients with low platelet counts), including 50 patients with
hematological malignancies and moderate-to-severe thrombocytopenia, showed a significant
association between the ROTEM parameter “maximum clot firmness (MCF)” and bleeding
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among these patients, which was lost after the statistical adjustment for platelet count [70]. This
study demonstrated that the observed low MCF exclusively depends on a low platelet count
and was not further affected by potentially additional platelet dysfunction. Thus, TEG and
ROTEM devices quantify the overall coagulation and fibrinolysis capacity of blood, but they
cannot discriminate between the effects of platelet count and function and therefore should not
be used for the diagnosis of platelet function defects in thrombocytopenic samples [66,71].

In summary, most of the clinically used whole blood platelet function tests, which
share POC attributes, are recommended to screen global processes of primary and secondary
hemostasis. These overall hemostatic activities depend on platelet function, count, and
size/volume—in addition to hematocrit, leukocyte count/function and plasma coagula-
tion/fibrinolysis factors—and are not sensitive to evaluate platelet function defects in samples
with low platelet counts. The establishment of standardized control samples with adjusted
platelet count or platelet mass may solve this limitation, but that requires skilled personnel and
represents a great challenge for clinical routine laboratories. The impact of thrombocytopenia
on POC-related platelet function tests, described here, is summarized in Table S2.

5. Specialized Platelet Function Tests

Light transmission aggregometry according to Born [72] still represents the gold
standard test for platelet function, as well as for the diagnosis of platelet function disorders
in clinical routine laboratories. In addition, the lumi-aggregometry has also gained more
and more clinical feasibility for the diagnosis of defects in platelet δ-granule secretion,
which are associated with inherited (Figure 1) and acquired thrombocytopenias. Though
LTA and lumi-aggregometry are being introduced more and more in clinical centers, they
require skilled personnel and time-consuming standardization, which is already established
in specialized platelet laboratories. Additional important assays predominantly developed
for research proposes have been implemented in a panel of tests for the diagnosis of platelet
function disorders.

Specific tests allowing for platelet function analysis in anticoagulated whole blood are
preferable if only small blood volumes from patients are available or if specific platelet func-
tions require testing in a more physiological environment. For the analysis of platelet-specific
activation responses, platelets are isolated as platelet-rich plasma (PRP) or depleted from
plasma proteins and leukocytes by advanced washing procedures [73] or gel-filtration [74],
which also allow for a concentration process for platelets and thereby platelet analysis for
patients with severe thrombocytopenia. The latter techniques are time-consuming and require
skilled personnel with extensive expertise in platelet handling and processing.

This section focuses on advantages, options, and clinical utility, as well as the limi-
tations and challenges, of specialized tests for the evaluation of platelet function defects
from thrombocytopenic patients. Table S2 summarizes the impact of thrombocytopenia on
specialized platelet function tests, as described in the following sections.

5.1. Light Transmission Aggregometry in Platelet-Rich Plasma (LTA)

The turbidimetric-based LTA according to Born [72] photometrically detects an in-
crease in light transmittance over time at 37 ◦C, which results from the agonist-induced
aggregation (fibrinogen-dependent) or agglutination (VWF-dependent) of stirred platelets
in platelet-rich plasma. In contrast to impedance-based aggregometry, LTA requires a
centrifugation step of citrated whole blood to obtain PRP and a further centrifugation
step of the buffy coat to obtain PPP, which serves as a reference [75]. In addition, LTA
allows for a more precise analysis of the platelet aggregation process, which includes shape
change properties and the detection of reversible platelet aggregation (disaggregation)
indicative of a used threshold agonist concentrations and for defects in the platelet release
of amplification agonists such as ADP/ATP from the δ-granules and TxA2.

Multiple platelet agonists are commercially available to evaluate platelet aggregability
in vitro. The SSC “platelet physiology” of the ISTH recommends LTA as a first-line screening
assay for the diagnosis of inherited platelet function disorders by using classical platelet agonists,
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e.g., ADP (targeting the purinergic ADP receptors P2Y1 and P2Y12), arachidonic acid (targeting
Cox-1-related pathways for synthesis and release of TxA2 and TxA2 receptor (TP receptor)),
collagen (targeting the collagen receptors integrin α2β1 and GPVI), epinephrine (targeting α2A
receptor), and ristocetin (targeting VWF-mediated crosslinking of platelets via the GPIb/V/IX
receptor complex (agglutination)) [3]. Further platelet agonists are recommended for extended
analysis, including selective GPVI agonists, e.g., collagen-related peptide (cross-linked collagen-
related peptide (CRP-XL)) and convulxin), α-thrombin (targeting the thrombin receptors GPIbα,
proteinase-activated receptor (PAR)-1, and PAR-4), PAR-1 activating peptide (i.e., thrombin
receptor activating peptide-6 (TRAP-6)), PAR-4 activating peptide, TxA2 mimetics (e.g., U46619),
Ca2+-ionophore, and phorbol 12-myristate 13-acetate (PMA). International guidelines refer to
pre-analytical considerations and pitfalls, as well as standardized procedures, which also include
recommendations for standardized agonist concentrations [76,77].

Recently, an inter-laboratory external quality assessment was performed by the
THROMKID-Plus Study Group of the German Society of Thrombosis and Haemostais
Reasearch (GTH) and German Society for Pediatric Oncology and Hematology (GPOH)
in Germany and Austria for the standardization of light transmission aggregometry. Five
different agonists were selected according to the guidelines of the SSC/ISTH [75] and
shipped to 15 specialized laboratories, which used two different types of light transmission
aggregometers [78]. Three sets of agonists were chosen to simulate a healthy subject and
inherited or acquired platelet function disorders. This trial showed very consistent data for
the maximum percentage of aggregation induced by the same agonists and concentrations,
demonstrating the feasibility of agonist shipment for an inter-laboratory survey of LTA.
However, this trial also confirmed the results of other international surveys in that there is
still a high variability in laboratory-internal agonists in terms of reagent type, concentra-
tion, and pathological cut-off values, which significantly limits the exchange of LTA results
between different clinical centers [79–81]. The automatization of LTA has been developed
to increase standardized operation, which was reviewed by Le Blanc et al. [82].

LTA measurements with a normal platelet count (150–600 × 109/L) in PRP have
been shown to be stable. Low platelet counts of less than 150 × 109/L and at least
≤100 × 109/L in PRP are insensitive for the valid evaluation of platelet aggregation de-
fects [75]. Compared to whole blood assays, the platelet count here is relevant in PRP and
not in whole blood, which often allows for the extension of LTA application to patients
with mild and even moderate thrombocytopenia. Optional control samples from healthy
donors with comparably low platelet counts adjusted with a buffer and not with PPP
(>100–<150 × 109/L) [50,75] and that are measured within the same day of analysis may
serve as intra-laboratory references. For platelet samples from patients with macrothrom-
bocytopenia, PRP can be generated by very low centrifugation force or by sedimentation.
Here, the platelet mass has to be adjusted in control samples.

Normal platelet aggregation responses to physiological platelet agonists—with the ex-
ception of ristocetin, which induces platelet agglutination by the VWF-mediated crosslinking
of the GPIb/V/IX receptor complex—are indicative of biallelic BSS when observed with
macrothrombocytopenia and when VWD could be excluded. Conversely, platelets with
platelet-type VWD show increased agglutination responses induced by a subthreshold con-
centration of ristocetin (≤0.6 mg/mL) similar to type 2B VWD. Platelet–plasma exchange
experiments with blood from patient and healthy donors are recommended to discriminate
these two bleeding disorders. The differential impairment of agonist-induced platelet aggre-
gation has been shown to be indicative of further hereditary thrombocytopenias associated
with platelet function defects, including WAS, GPS, GFI1-related thrombocytopenia, ARC
syndrome, and Stormorken syndrome [5,40,77]. Reversible aggregation characterized by
an unstable second wave may be indicative for δ-granule or TxA2 release disorders when
the agonist concentrations are titrated in a standardized manner. Notably, LTA alone is not
sensitive enough for a definite diagnosis of platelet function disorders associated with throm-
bocytopenia, especially for mild forms such as storage pool deficiencies [83], and it therefore
needs to be complemented by other specific tests of platelet phenotyping and function.
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5.2. Lumi-Aggregometry in Platelet-Rich Plasma

Lumi-aggregometry is a further development of light transmission (PRP) and impedance-
based aggregometry (whole blood) for the simultaneous detection of agonist-induced
platelet aggregation and the release of ADP/ATP from δ-granules. The luciferase-catalyzed
conversion of luciferin in the presence of ATP generates bioluminescence, which is detected
and quantified. ADP is measured by its conversion to ATP catalyzed by pyruvate kinase in
the presence of phosphoenolpyruvate. This approach can be performed in anticoagulated
whole blood, but as described for other whole blood tests, analysis in PRP provides platelet-
specific results [84]. Similar to LTA, lumi-aggregometry in PRP requires time and expertise
for the generation of PRP and PPP. In contrast to LTA, lumi-aggregometry clearly indicates
the impairment of platelet δ-granule release capacity in vitro [83] but shows a higher
variability and less reproducibility than LTA [85]. This might be due to additional variables
regarding the preparation and incubation of the luciferin/luciferase reagent. The secretion
of δ-granules is also triggered by integrin αIIbβ3 outside-in signaling, thereby facilitating
the irreversible aggregation response [86]. Thus, it should be considered that impaired
platelet aggregation may affect ATP release from δ-granules in this assay. A further
limitation is that δ-SPD cannot be distinguished from granule release defects (primary
secretion defects), which are commonly caused by impaired signal transduction. Therefore,
complementary assays have to be performed, either to validate a δ-SPD by transmission
electron microscopy, the bioluminescence-/HPLC-based quantification of ATP in lysates
of resting platelets, and the flow cytometric quantitation of mepacrine uptake in resting
platelets (Sections 3.5 and 5.3) or to confirm a δ-granule secretion defect by the same
assays using lysates and intact platelets treated by strong agonists. The advantages and
limitations for the analysis of thrombocytopenic samples are similar as described for LTA.
The intra-laboratory standardization of operation and establishment of normal reference
ranges are therefore also essential for LTA and lumi-aggregometry.

5.3. Flow Cytometry (Whole Blood, Platelet-Rich Plasma)

Flow cytometry is recommended to be used for first-line screening assays, as well as for
the evaluation of specific defects in platelet phenotype and function attributes [3,87,88]. Flow
cytometry represents the standard technique to quantify receptors and distinct platelet activation
markers on the surface of platelets in citrated whole blood for the evaluation of quantitative
receptor defects and increased platelet activation status in vivo, including the shedding of
surface membrane receptors. The in vitro assessment of platelet reactivity in response to a
variety of agonists (see Section 5.1, with the exception of the use of commercially available
collagen types with large fibrils), especially in low amounts of whole blood, demonstrates further
strengths [43,89]. A large spectrum of different fluorochrome-conjugated monoclonal antibodies,
proteins, and fluorescent dyes are commercially available, which allow for a comprehensive
phenotyping of single platelets and platelet populations [89,90]. The tracking of intracellular
Ca2+ release and protein phosphorylation by using phosphosite-specific antibodies are powerful
tools to evaluate signal transduction defects in platelets [91,92]. Imaging flow cytometry and
mass cytometry are promising new flow cytometric developments of flow cytometry to identify
platelet subpopulations [40,93]. Though there is a high variability of protocols and standard
operation procedures (SOPs) between different laboratories, intra-laboratory standardization,
the validation of assays, and laboratory internal reference ranges are essential and need to
be established in diagnosis laboratories. Advanced protocols for platelet antibody labeling
and fixation in whole blood enable the remote platelet function testing of shipped blood
samples [94]. Flow cytometry-based single cell analysis provides platelet assays, which are
largely independent of platelet count and thereby feasible in blood from patients even with
severe thrombocytopenia [95,96]. However, a recent study indicated that a platelet count of
≤10 × 109/mL might influence in vitro platelet activation assays due to the platelet count-
related decreased release of ADP, which serves as important amplifier of platelet activation [97].
Figure 2 gives an overview of important platelet phenotype and activation markers, which
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are determined by flow cytometry for the diagnostic purposes of platelet function defects
potentially associated with thrombocytopenia.

Figure 2. Flow cytometric analysis of the human platelet phenotype ex vivo and functional capacity in vitro in thrombocy-
topenia. Flow cytometry allows for a comprehensive analysis of common platelet phenotype and function defects in samples
of whole blood and platelet-rich plasma, even with a very low platelet count. Commonly observed platelet granule defects
(e.g., storage pool deficiency and primary secretion defects) in inherited and acquired thrombocytopenias can be detected by
the surface expression of granule membrane markers stained by fluorochrome-conjugated antibodies (*) or by the antibody
staining of the α-granule cargo protein TSP-1 and δ-granule cargo molecules ADP and ATP with mepacrine. Quantitative
defects in platelet surface receptors, as prominently observed in acquired thrombocytopenias, are detected by staining with
fluorochrome-conjugated antibodies (*), too. The use of different platelet agonists enables the detection of activated integrin
αIIbβ3 (antibody PAC-1 (*) or the binding of fluorochrome-conjugated fibrinogen, indicative of platelet aggregation), VWF-
binding (anti-VWF antibody staining (*), indicative of VWF-mediated platelet agglutination and biallelic BSS, platelet type
VWD, and acquired VWD), and the exocytosis of granules by staining of granule membrane proteins with fluorochrome-
conjugated antibodies (*). *Antigens of platelet receptors and granule membranes detected by fluorochrome-conjugated
antibodies. Fluorochrome-conjugated annexin-V or lactadherin is used to quantify anionic phospholipid exposure ex vivo
or in response to agonists, which determines the recruitment of coagulation factors, leading to platelet-based thrombin
generation. Distinct signaling defects are detected by phospho-specific antibodies after permeabilization of the platelet
surface membrane. Phospho-specific antibodies against phosphorylated VASP at S239 detect a cytosolic increase in levels
of inhibitory cAMP, leading to the activation of PKA. A defective release of Ca2+ ions from intracellular Ca2+ stores (e.g.,
dense tubular system (DTS)) can be detected by Ca2+-sensitive fluorescent Fluo and Fura dyes. VWF: Von Willebrand factor;
cAMP: cyclic adenosine monophosphate; ADP: adenosine diphosphate; CRP-XL: cross-linked collagen-related peptide;
PAR: proteinase-activated receptor; PKA: protein kinase A; TxA2: thromboxane A2; TP: TxA2 receptor; AA: arachidonic
acid; PLA2: phospholipase A2; PKA: protein kinase A; STIM-1: stromal interaction molecule-1; PGI2: prostacyclin; DTS:
dense tubular system; GP: glycoprotein; PS: phosphatidylserine; TRAP-6: thrombin receptor activating peptide-6; TLT-1:
trem-like transcript-1; TMEM16F: transmembrane protein 16F; TSP-1: thrombospondin-1; LAMP-1: lysosome-associated
membrane glycoprotein-1; PMA: phorbol 12-myristate 13-acetate; VASP: vasodilator-stimulated phosphoprotein; PKC:
protein kinase C. PKA and PKC are some examples of protein kinases, but there are many more protein kinases involved.
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The flow cytometric quantification of antigen binding sites of fluorochrome-conjugated
monoclonal antibodies against platelet receptors is important to identify inherited platelet
receptor defects [98], as demonstrated for the detected loss of the platelet VWF receptor
complex GPIb/V/IX in a patient with biallelic BSS and a platelet count of 21 × 109/L
and a mean platelet volume of >13 fl (Figure 3a). The absence or severe impairment
of VWF binding to platelets induced by the antibiotic ristocetin confirmed the typical
functional platelet defect in BSS, especially when LTA could not be applied due to severe
thrombocytopenia (Figure 3b).

Figure 3. Platelet phenotype and function analysis of a patient with biallelic Bernard–Soulier syndrome (BSS) by flow
cytometry and calibrated automated thrombography. (a) Representative flow cytometry histogram of platelets labelled
with anti-GPIbα antibody SZ2-fluorescein isothiocyanate (FITC) from a donor with GPIbα-deficiency (biallelic Bernard-
Soulier syndrome (BSS)) in comparison to platelets from a day control and to platelets labelled with immunoglobulin G1
(IgG1)-FITC as negative control and flow cytometric detection of antigen binding sites (ABSs) of fluorochrome-labelled
antibodies against major receptors on platelets in citrated whole blood compared to healthy controls (n = 10, means ±
SD). (b) Flow cytometric analysis of ristocetin-induced VWF-binding (labeling with anti-VWF-FITC antibody) to platelets
from BSS patient compared to controls (n = 10, means ± SD). (c) Thrombogram (calibrated automated thrombography) of
thrombin-induced thrombin generation in platelet-rich plasma from a BSS patient compared to a day control with adjusted
platelet mass. MFI: mean fluorescence intensity.

Notably, in the case of macrothrombocytopenias, platelets have to be gated among
their size properties to enable comparisons with control references from healthy controls.
Several studies have demonstrated the clinical utility of flow cytometry for the evaluation of
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platelet dysfunction in acquired thrombocytopenias, such as ITP [99,100] and hematological
malignancies [9,101].

Distinct flow cytometric platelet activation assays are recommended for use in buffer-
diluted PRP when the detection of distinct fluorescent markers may be influenced by the
hemoglobin of red blood cells, or the determination of platelet activation responses should
be specifically induced by agonists without potential interference with red blood cells and
leukocytes. The flow cytometric assessment of the agonist-induced release/exocytosis of
platelet granules is important to complement the diagnosis of SPD. Platelets from patients
with the inherited α-SPD GPS show impaired or lacking P-selectin surface expression and
TSP-1 binding induced by several platelet agonists [102]. The mepacrine assay allows one
to discriminate between platelet δ-SPD and a δ-granule release defect. In resting platelets,
mepacrine is loaded to the δ-granules by specific binding to adenosine nucleotides such
as ADP or ATP. The decreased uptake of mepacrine in resting platelets is indicative of a
δ-SPD with a moderate specificity and sensitivity [103,104]. Interestingly, we observed that
platelets from a patient with the MYH-9-related thrombocytopenia May–Hegglin anomaly,
caused by the frequent MYH9 mutation E1841K in the C-terminal exon 38 encoding for
the tail part of non-muscle myosin heavy chain-IIA, showed normal mepacrine uptake
but impaired release in response to increasing concentrations of thrombin and the GPVI
agonist convulxin. These data were confirmed by the impaired surface expression of the
δ-granule/lysosome membrane marker CD63 (Figures 1 and 4a,b, Table S1). A similar
release defect was observed for the α-granules expressed by impaired P-selectin surface
expression, whereas the thrombin- and convulxin-induced activation of the integrin αIIbβ3
was normal [23].

This granule release defect may explain the moderated bleeding symptoms of the pa-
tient since birth, as his platelet mass was found to be relatively normal and only distributed
to a smaller number of giant platelets (35–60 × 109/L, variable MPV > 12 fl). Thus, the flow
cytometric application of a panel of activation markers offers a comprehensive evaluation
of platelet function defects in inherited and acquired thrombocytopenias.

5.4. Platelet-Based Thrombin Generation Tests (Platelet-Rich Plasma)

Activated platelets significantly contribute to the amplification of thrombin generation,
which is essential for thrombus stabilization and for crosstalk between platelets, leukocytes,
and endothelial cells [105,106] (Figures 1 and 2). Platelet-dependent thrombin generation
tests are offered as commercially available techniques such as the frequently used calibrated
automated thrombography (CAT). Active recombinant tissue factor (TF) serves as trigger in
the presence of a high Ca2+ concentration to induce a strong activation response of platelets
in PRP (platelet count adjusted to 150 × 109/L with PPP), leading to the exposure of anionic
phospholipids and the subsequent formation of the tenase and prothrombinase complex.
This assay allows for the continuous monitoring of fluorescence traces (which are generated
through the cleavage of a fluorogenic peptide substrate by thrombin and which directly
reflect the in vitro capacity of thrombin generation by platelets) over time in a 96-well plate
format by a fluorescence reader [107]. This device complements flow cytometric analysis
of platelet procoagulant activity for the identification of causative platelet dysfunction in
platelet-based coagulation and secondary hemostasis. A recent review by Panova-Noeva,
van der Meijden, and Ten Cate gave a comprehensive overview about clinical applications,
pitfalls, and uncertainties of thrombin generation tests performed with PRP [108].
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Figure 4. Platelet function analysis of a patient with the May–Hegglin anomaly (pathogenic MYH9 variant E1841K) by
flow cytometry and calibrated automated thrombography. (a) Flow cytometric analysis of mepacrine uptake in resting
patient platelets and thrombin- or convulxin (GPVI-agonist)-induced mepacrine release compared to a day control. (b) Flow
cytometric analysis δ-granule/lysosome exocytosis expressed as CD63 surface expression of patient and day control platelets
in response to increasing concentrations of thrombin and convulxin, respectively. (c) Thrombogram (calibrated automated
thrombography) and quantitation of the endogenous thrombin potential (ETP) of tissue factor (TF) or thrombin-stimulated
patient and control platelets in platelet-rich plasma; three replicates; n = 3; * p < 0.05 versus corresponding controls. AU:
arbitrary units.

236



J. Clin. Med. 2021, 10, 1114

The knowledge about exclusive defects of platelet procoagulant activity is limited, as
observed for the very rare inherited platelet function disorder Scott syndrome caused by
pathogenic variants in ANO6, which is not usually associated with thrombocytopenia [109].
Indeed, impaired thrombin generation can be also affected by defective primary platelet
responses, e.g., deficiency or decreased levels of integrin αIIbβ3 or ADP signaling [110,111].
Using thrombin as direct platelet agonist in the CAT assay, we recently confirmed impaired
thrombin generation, expressed by decreased thrombin peak and endogenous thrombin
potential (ETP), in PRP from a patient with δ-SPD characterized by decreased release of
the feedback agonists ADP and ATP [112]. Similar results were observed for platelets
from a biallelic BBS patient, when the platelet mass was adjusted in a control platelet
sample from a healthy donor [112] (Figure 3c). This phenomenon can be explained by the
impaired binding of thrombin to the GPIb/V/IX complex, which serves as co-receptor for
PAR-mediated thrombin signaling [113]. Interestingly, we detected a decreased ETP in PRP
from the already described patient with a May–Hegglin anomaly (macrothrombocytopenia,
but normal platelet mass) who showed a primary secretion defect of platelet α- and δ-
granules (Figure 4c). It is likely that the impaired thrombin generation resulted from a
secondary granule secretion defect. Therefore, this test is very helpful to evaluate the
impact of primary platelet function defects on thrombin generation and coagulation, but
this technique also requires intra- and inter-laboratory standardization [114]. Samples from
patients with mild-to-moderate thrombocytopenia allow for a valid analysis in a platelet
count range of 50–150 × 109/L in PRP [115], though preferably in direct comparison to
control samples with adjusted platelet count/mass (Figures 3c and 4c).

5.5. Microfluidics (Whole Blood)

Flow chamber devices are used to measure platelet adhesion, aggregation and throm-
bus formation, embolization on subendothelial matrix and plasma proteins under con-
trolled arterial or venous shear stress, and non-coagulant or coagulant conditions in anti-
coagulated whole blood by advanced bright-field and fluorescence microscopy [116,117].
In comparison to the whole blood PFA and cone and plate(let) analyzer systems, parallel
flow chambers have been further developed for systems biology approaches to assess in
real-time multiple parameters in an integrated and time-resolving manner by multicolor
imaging. Different fluorochrome-conjugated antibodies, proteins, and fluorescent dyes,
which are also used for flow cytometry (Figure 2), enable the simultaneous detection of
platelet activation markers, e.g., integrin αIIbβ3 activation, P-selectin surface expression,
the exposure of anionic phospholipids (e.g., phosphatidylserine), intraplatelet Ca2+ re-
lease, and the generation of fibrin within a forming platelet aggregate/thrombus [118,119].
Multi-parameter and multi-microspot-based flow assays were recently used for the com-
prehensive characterization of platelet dysfunction and impaired thrombus formation from
patients with inherited platelet function disorders, including the inherited thrombocy-
topenias GPS, May–Hegglin anomaly, and Stormorken syndrome [120,121]. Thrombus
parameters are stable from healthy blood donors within normal platelet count ranges [122],
but they are sensitive to low platelet counts. The establishment of reference ranges of recon-
stituted whole blood samples from healthy subjects with adjusted platelet count/mass is
promising to distinguish between platelet count and function-related effects on thrombus
formation in thrombocytopenic blood samples. Thus far, the clinical utility of microfluidics
is limited for the diagnosis of platelet function and number disorders due to the lack of
standardization [116] and validation in prospective cohort studies.

The integration of cultured endothelial within microfluidic devices extends the analy-
sis of the patho(physiological) crosstalk between platelets and the vasculature, which also
includes crosstalk with leukocytes [123,124]. A recent proof-of-concept study revealed that
distinct components of human umbilical vein endothelial cells (i.e., glycocalyx and throm-
bomodulin) delay platelet adhesion and fibrin formation on endothelial cells cultured as
patches on collagen/tissue factor surfaces under flow in a “vessel-on-a-chip” system [125].
Such advances are currently restricted to research purposes.
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6. Conclusions

Whole blood platelet function tests with POC attributes, e.g., impedance aggregom-
etry, platelet function analyzers, cone and plate(let) analyzers, and thromboelastome-
try/graphy, are commonly used in clinical practice. These tests provide information about
the global activity of primary and/or secondary hemostasis in vitro, which are dependent
on platelet count, size, and function, as well as determinants including hematocrit, leuko-
cyte count/function, and plasma factors. Due to their sensitivity to low platelet counts,
these tests should not be used in clinical centers for the diagnosis of platelet function
disorders from thrombocytopenic patients. Light transmission aggregometry and lumi-
aggregometry are well-established platelet function tests in specialized platelet laboratories
and have become more and more attractive to be used in clinical centers. Centrifugation
steps of whole blood to obtain platelet-rich and poor plasma are necessary for the analysis
of distinct platelet aggregation parameters with the option of the simultaneous quantitation
of ATP/ADP release from platelet δ-granules. These tests are reliable for the screening
of primary platelet functions, but they have to be complemented by specialized platelet
function assays and phenotyping approaches for diagnostic utility. The analysis of platelet
function in samples with a low platelet count is limited but feasible and requires a com-
parison with control samples from healthy donors, where the platelet count (in the case
of thrombocytopenia) or platelet mass (in the case of macro-/micro-thrombocytopenia)
is adjusted.

Flow cytometry represents the most powerful technique for a comprehensive character-
ization of the platelet phenotype and activation capacity in samples from thrombocytopenic
patients. It enables the analysis of samples from patients with severe thrombocytope-
nia and is feasible in both whole blood and platelet-rich plasma. Advanced specialized
microfluidic-based tests performed in whole blood are very valuable for the evaluation of
specific platelet function parameters under flow and variable coagulant conditions. Throm-
bin generation assays performed with platelet-rich plasma allow for the assessment of the
impact of platelet function defects on coagulation/secondary hemostasis. Nevertheless, a
comparison of samples from thrombocytopenic patients with platelet count/mass-adjusted
reference samples from healthy donors are necessary for all these tests to distinguish
between platelet function and count effects. The predictive value of platelet function
testing for the estimation of the bleeding risk of thrombocytopenic patients is promising
but currently limited based on only few data from prospective clinical cohort studies.
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function tests.
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Abstract: Cancer patients have varying incidence, depth and duration of thrombocytopenia. The
mainstay of managing severe chemotherapy-induced thrombocytopenia (CIT) in cancer is the use
of platelet transfusions. While prophylactic platelet transfusions reduce the bleeding rate, multi-
ple unmet needs remain, such as high residual rates of bleeding, and anticancer treatment dose
reductions/delays. Accordingly, the following promising results in other settings, antifibrinolytic
drugs have been evaluated for prevention and treatment of bleeding in patients with hematological
malignancies and solid tumors. In addition, Thrombopoeitin receptor agonists have been stud-
ied for two major implications in cancer: treatment of severe thrombocytopenia associated with
myelodysplastic syndrome and acute myeloid leukemia; primary and secondary prevention of CIT
in solid tumors in order to maintain dose density and intensity of anti-cancer treatment. Furthermore,
thrombocytopenic cancer patients are often prescribed antithrombotic medication for indications
arising prior or post cancer diagnosis. Balancing the bleeding and thrombotic risks in such patients
represents a unique clinical challenge. This review focuses upon non-transfusion-based approaches
to managing thrombocytopenia and the associated bleeding risk in cancer, and also addresses the
management of antithrombotic therapy in thrombocytopenic cancer patients.

Keywords: anticoagulation; antifibrinolytic; antiplatelet; cancer; thrombocytopenia; thrombopoietin
receptor agonist; tranexamic acid

1. Introduction

Cancer patients have varying incidence, depth and duration of thrombocytopenia,
depending on cancer type, anticancer treatment, bone marrow involvement and comor-
bidities [1]. For example, patients with hematological malignancies and those receiving
carboplatin or oxaliplatin based chemotherapy regimens, have a higher risk of severe
thrombocytopenia. Anticancer drugs can cause thrombocytopenia via various mecha-
nisms [2–15], as previously reviewed [1] and as shown in Figure 1. While pancytopenia
due to general bone marrow suppression is most common, some antineoplastic drugs, such
as proteosome inhibitors used primarily in multiple myeloma, can cause isolated thrombo-
cytopenia. Bortezomib, a first-generation proteasome inhibitor, was found to reduce the
mean platelet number by approximately 60%, independent of the baseline platelet count [9].
Proteosome inhibitor associated thrombocytopenia has a cyclic, transient pattern [16,17].
The mechanism was first suggested to be related to the prevention of the activation of
NF-κB which may potentially prevent platelet budding from megakaryocytes. Further
studies found that the pharmacologic inhibition of proteasome activity blocks proplatelet
formation, due to the upregulation and hyperactivation of the small GTPase RhoA, rather
than NF-κB [18]. Although thrombocytopenia is commonly observed, there are only a few
reports of serious bleeding complications with proteosome inhibitors [17,19].
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Figure 1. Selected mechanisms of drug induced thrombocytopenia in cancer. Examples of implicated drugs are given for
each mechanism. HDAC, histone deacetylase.

Severe thrombocytopenia (<10 × 109/L) is associated with an increased risk of bleed-
ing in cancer [20,21]. However, individual platelet counts between 10 and 50 × 109/L do
not clearly predict bleeding [22–24]. Multiple other factors affect the bleeding risk, such
as fever, sex, renal failure, liver dysfunction, hematocrit ≤25% and use of antithrombotic
drugs [21,24,25]. These factors should be considered when assessing bleeding risk and ad-
dressed when modifiable. In addition, emerging data show that patients with cancer-associated
thrombocytopenia have additional hemostatic defects, such as platelet and endothelial dysfunc-
tion, as well as coagulation abnormalities, such as hyperfibrinolysis [26–28].

The mainstay of managing severe chemotherapy-induced thrombocytopenia (CIT)
in cancer is the use of platelet transfusions. In most cancer settings, platelet transfu-
sions are indicated prophylactically when platelets counts are <10 × 109/L or therapeu-
tically when bleeding occurs with platelets below 50 × 109/L [29]. Different platelet
transfusion thresholds may be warranted in the context of invasive procedures, sepsis,
autologous stem cell transplantation and chronic stable disease-related thrombocytopenia,
among other scenarios [21,29]. While prophylactic platelet transfusions reduce the rate
of WHO grade ≥2 bleeding [22,23], multiple unmet needs remain in patients with cancer
and thrombocytopenia, including the following: high rates of bleeding despite platelet
transfusion [22]; thrombocytopenia-driven anticancer treatment dose reductions or delay;
platelet-transfusion refractoriness [30]; managing antithrombotic drugs when indicated.
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This review focuses upon non-transfusion-based approaches to managing thrombocy-
topenia and the associated bleeding risk in cancer, and also addresses the management of
antithrombotic therapy in thrombocytopenic cancer patients. The topic of platelet transfu-
sions in cancer patients has been previously reviewed [29] and is covered elsewhere in this
issue of the Journal.

2. Managing Thrombocytopenia in Cancer

2.1. Antifibrinolytic Therapy

Tranexamic acid (TXA) and aminocaproic acid (EACA) are synthetic antifibrinolytic
drugs that lead to the inhibition of the conversion of plasminogen to plasmin and to the
decrease in the lysis of fibrin clots [31]. Antifibrinolytic therapy has been shown to aid
in the management of bleeding in multiple clinical scenarios such as trauma, postpartum
hemorrhage, menorrhagia, and surgical bleeding [32]. On the other hand, recent negative
findings of a randomized controlled trial (RCT) of TXA in acute gastrointestinal bleeding
and a higher rate venous thromboembolism (VTE) in the TXA arm, serve as a reminder
that setting-specific evidence is needed [33]. In light of this, the utility of antifibrinolytic
drugs in solid tumors and hematological malignancies has also been evaluated. This review
focuses on CIT or cancer-related thrombocytopenia, outside the context of disseminated
intravascular coagulation (DIC) [34,35].

2.1.1. Solid Tumors

A number of small RCTs and retrospective cohort studies were performed to assess
the effect of perioperative antifibrinolytics on bleeding during and after cancer surgery,
in a variety of solid malignancies. The studies including patients with liver, prostate and
gynecological cancer found a reduction in blood transfusion requirements during and after
surgery in the TXA arms [36–41]. In contrast, antifibrinolytics did not influence bleeding
outcomes in major orthopedic cancer surgery or in oncologic spinal canal, head and neck
and neurosurgeries [42–45].

Data on the use of antifibrinolytics for the treatment of active bleeding in solid cancer
is scarce and limited to case reports and series. Several case reports showed favorable
bleeding outcomes with TXA in the management of bleeding from malignant mesothelioma
with hemothorax [46], hemoptysis due to bronchogenic carcinoma [47] and DIC after a
prostatic biopsy [48]. One small case series (n = 16) demonstrated high rates of bleeding
control with TXA and EACA for cancer associated bleeding in the palliative care setting [49].

2.1.2. Hematological Malignancies with Thrombocytopenia

EACA and TXA have been studied over the years in patients with hematological
malignancies and thrombocytopenia (generally <50 × 109/L) with or without bleeding.
However, most of the studies are small, non-controlled and retrospective with various
treatment protocols and doses. Since EACA and TXA have not been compared directly,
the evidence on each of these drugs is presented separately, first as treatment and then
as prophylaxis.

Treatment of Bleeding

Two studies published in 1980 and 1985 evaluated the use of EACA for the control
of bleeding in patients with various hematological malignancies and thrombocytopenia
(<20 × 109/L) and reported the improvement in bleeding control and a reduction in platelet
transfusions [50,51]. An additional study published in 1998 evaluated 15 patients with
bleeding and severe thrombocytopenia (platelets <20 × 109/L) and showed a positive
effect with a maximum EACA dose of 6 g/day [52]. In 2006, a retrospective study from
the Cleveland clinic reviewed the use of EACA in 77 patients with thrombocytopenic
(median platelet count = 7 × 109/L) hemorrhage (mostly mucosal and gastrointestinal).
The majority of patients had hematological malignancies, predominantly acute leukemia
and non-Hodgkin lymphoma, and the remainder had solid tumors. The median average
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dose was also 6 g/day. Complete (i.e., cessation of bleeding at all sites) and partial response
were achieved in 51 (66%) and 13 (17%) patients, respectively, resulting in a decrease in
platelet and red blood cell transfusions [53]. In 2008, a retrospective study evaluating
EACA in acute promyelocytic leukemia (APL) patients with coagulopathy defined as low
alpha-2-antiplasmin levels suggested a lower incidence of severe hemorrhagic events [54].

A recent Dutch survey indicated that TXA is more commonly used for the control of
bleeding in hematological malignancies than as prophylaxis [55], even though most studies
of TXA were in the context of prophylaxis. There is currently scarce evidence supporting
the use of this specific agent in this context.

Prophylaxis of Bleeding

EACA as prophylactic treatment was evaluated in 1983 in a randomized controlled
trial versus placebo in patients undergoing remission induction for acute leukemia. There
was no difference in major bleeding between the two groups; however, there was a non-
significant reduction in platelet transfusions in the EACA group [56]. A subsequent
retrospective study in 2013 reported on EACA treatment in 44 chronically and severely
thrombocytopenic patients with hematological malignancies and median platelet counts of
8 × 109/L. EACA was associated with a low risk of major spontaneous bleeding and was
well tolerated [57]. Two additional retrospective studies (2016, 2018) provided additional
safety data by demonstrating no increase in VTE rates with EACA as prophylactic therapy
in thrombocytopenic patients with hematological malignancy [58,59]. The PROBLEMA
Trial, a phase II control trial study evaluating the effectiveness and safety of EACA versus
prophylactic platelet transfusions to prevent bleeding in thrombocytopenic patients with
hematological malignancies, is still ongoing [60]. Table 1 details the ongoing studies of
antifibrinolytics in thrombocytopenic cancer patients.

Table 1. Ongoing and planned clinical trials of antifibrinolytic agents in thrombocytopenic cancer patients 1.

Name, Identifier Study Design
(Status)

Interventions 2 Study Population 3 Primary
Outcome

Time Frame
Planned
Completion

Antifibrinolytics in Thrombocytopenia

TRial to EvaluAte
Tranexamic Acid
Therapy in
Thrombocytope-
nia (TREATT),
NCT03136445

Interventional
Randomized
Phase 3
(recruiting)

Arm A: TXA 1 g
q8hrs IV; Arm
B: TXA 1.5 g
q8hrs PO.

Thrombocytopenic
patients (platelet
count of ≤10 ×
109/L for ≥ 5 days)
with hematological
malignancies
(n = 616)

Death or
bleeding (WHO
grade ≥ 2)

30 days March 2021

PRevention of
BLeeding in
hEmatological
Malignancies
with
Antifibrinolytic
(PROBLEMA),
NCT02074436

Interventional
Randomized
Phase 2
(recruiting)

Arm A: EACA
1000 mg q12hrs;
Arm B:
standard
prophylactic
platelet
transfusion

Thrombocytopenic
patients
(platelet count < 20
× 109/L) with
hematological
malignancies
(n = 100)

Major bleeding
episodes (WHO
grades 3–4)

6 mo. May 2021

Evolution of
Thromboelastog-
raphy During
Tranexamic Acid
Treatment
(TTRAP-
Bleeding),
NCT03801122

Interventional
Randomized
Phase 2
(recruiting)

Arm A: TXA 3
g/day; Arm B:
TXA 1.5 g/day;
Arm C: No TXA

Thrombocytopenic
patients (platelet
count of ≤10 ×
109/L for ≥ 5 days)
with hematological
malignancies
(n = 18)

Level of clot
amplitude in
thrombo-
elastography

30 days 1 April 2022

1 Interventional phase 2 and 3 studies shown, as identified in https://www.clinicaltrials.gov/ (accessed on 31 January 2021). 2 The ratio
between intervention arms is 1:1 or 1:1:1 unless otherwise specified. 3 All participants are aged 18 years or older, unless otherwise specified.
EACA, epsilon aminocaproic acid; IV, intravenous; PLT, platelet count (×109/L); TXA, tranexamic acid.
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Up until recently, only three small RCTs evaluating TXA in hematological malignancies
had been published (1989 thru 1995) including patients with acute leukemia, APL, aplastic
anemia and myelodysplastic syndrome (MDS) [61–63]. TXA was associated with fewer
bleeding episodes and fewer transfusion requirements in two of these studies [61,62]. In
the third pilot study evaluating eight patients with MDS and aplastic anemia, TXA did
not appear to be efficacious [63]. It should be noted that only three patients completed
the randomized portion of this study and that patients were used as their own control.
In addition, a prospective single arm study published in 1990 demonstrated a significant
reduction in platelet transfusion with prophylactic TXA during induction and consolidation
treatment in acute leukemia, compared to historical controls [64]. Of concern is a case
series of three allogenic hematopoietic stem cell transplant patients who developed veno-
occlusive disease (VOD) shortly after receiving TXA. The authors postulated a role for
plasminogen activator inhibitor-1 in the development of hepatic VOD and that TXA could
trigger or accelerate this process [65].

Accordingly, a systematic review and meta-analysis of antifibrinolytics for the preven-
tion of bleeding in patients with hematological disorders concluded that there is uncertainty
whether antifibrinolytics reduce the risk of bleeding in such patients, due to the small
number of participants and low quality of evidence [66]. The question whether or not
antifibrinolytics increase the risk of thromboembolic events or other adverse events could
not be answered. A subsequent meta-analysis published in 2017 evaluated the safety and
efficacy of lysine analogues in a total of 1177 cancer patients (both hematological and solid
tumors) [67]. No increased risk of venous thromboembolism was observed among patients
receiving lysine analogues compared to controls, and their use significantly decreased
blood loss and transfusion risk.

The results of the randomized controlled A-TREAT trial, assessing prophylactic TXA
administration in addition to routine platelet transfusion, were recently presented and pub-
lished in abstract form [68]. The study included 165 patients in each arm and demonstrated
that prophylactic TXA did not decrease the rate of WHO grade 2+ bleeding and did not
change platelet and blood cell transfusions rates. Of note, the rate of central line occlusions
was increased in the TXA arm. This preliminary publication suggests that TXA should not
be currently used for preventing bleeding in addition to prophylactic platelet transfusions.
The results of the sister TREAT-T trial conducted in the UK and Australia are eagerly antic-
ipated (Table 1) [69]. Knowledge gaps not currently addressed by published or ongoing
trials that we are aware of, include the use of antifibrinolytic therapy for breakthrough
bleeding and as prophylaxis in patients with platelet transfusion refractoriness.

2.2. Thrombopoeitin Receptor Agonists in Cancer and Thrombocytopenia

Thrombopoetin receptor agonists (TPO-RAs), such as eltrombopag and romiplostim,
increase platelet production through interactions with the thrombopoietin receptor on
megakaryocytes. Eltrombopag is a small molecule agonist, while romiplostim is a pepti-
body (i.e., fusion of a novel peptide and antibody) that can stimulate the TPO receptor. The
binding of romiplostim to the distal domain of the thrombopoietin receptor or binding of
eltrombopag to the transmembrane region of the receptor triggers a number of signal trans-
duction pathways, including activation of the JAK-STAT signaling pathway, which induce
proliferation and differentiation of megakaryocytes [70]. Eltrombopag and romipostim
were both licensed in the United States for the treatment of immune thrombocytopenia in
2008. Eltrombopag is also licensed for the treatment of aplastic anemia and the treatment
of thrombocytopenia in patients with hepatitis C receiving interferon-based therapy [71].

Recombinant IL-11 (oprelvekin) is the only approved treatment in the United States for
CIT. However, its use is very limited because of side effects [72]. Clinical development of
recombinant human thrombopoietins (rhTPO) and pegylated recombinant megakaryocyte
growth and development factor (PEG-rhMGDF) have stopped due to the development of
neutralizing antibodies to PEG-rhMGDF [73]. The rhTPO, TPIAO™, is widely used to treat
CIT in China and is unavailable elsewhere [74].
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TPO-RAs have been studied for two major implications in cancer related thrombo-
cytopenia. In the field of hematological disorders, they were mainly studied for MDS
and acute myeloid leukemia (AML), in order to treat severe thrombocytopenia and avoid
platelet transfusions, as summarized in Table 2. In the field of solid tumors, they were used
to prevent CIT and enable scheduled anti-cancer treatment. Prevention was either primary,
before anti-cancer treatment, or secondary, after the development of thrombocytopenia.
Selected studies on TPO-RAs in CIT are detailed in Table 3.

2.2.1. Low-Intermediate Risk MDS

Giagouinidis et al. included 250 patients with low to intermediate (low-int) risk MDS
to receive romiplostim or placebo (2:1) [75]. This study was terminated early because of
an increase in peripheral blasts in the romiplostim group. Despite this initial signal, there
was no increased risk of progression to AML in the romiplostim group [75], including in
an analysis after five years follow-up [76]. Romiplostim increased platelet counts, and
decreased platelet transfusions and overall bleeding, but did not affect clinically significant
bleeding rates. Initial similar results were published for eltrombopag in low-int MDS [77].
That study reported improved quality of life in patients who received eltrombopag. The
full study has not been published yet. Eltrombopag was also shown to increase white
blood cell counts and hemoglobin levels in some patients in a small study of low-int risk
MDS patients [78].

2.2.2. High Risk MDS/AML

In a phase 1/2 study of advanced MDS or AML, eltrombopag was well tolerated in
64 patients, and no difference in the percentage of blasts was observed [79]. In a phase 3 trial
of intermediate-high risk MDS treated with azacitidine, eltrombopag did not reduce the
need for platelet transfusions. In fact, this study was terminated early due to inferiority of
the eltrombopag/azacitidine arm (16% vs. 31%) and a trend towards increased progression
to AML [80]. Furthermore, in a phase 2 placebo controlled trial of eltrombopag in patients
with AML undergoing induction chemotherapy, eltrombopag did not decrease the time to
platelet recovery, while more serious adverse events and numerically higher death rates
were observed in the eltrombopag group [81].

2.2.3. After Bone Marrow Transplantation

Persistent thrombocytopenia is a common complication after allogeneic hematopoietic
cell transplantation. In a phase 1/2 single arm study, romiplostim given to patients
after allogeneic stem cell transplantation who had persistent severe thrombocytopenia
<20 × 109/L (median of 84 days after transplantation), was effective in most patients. The
median time to platelet counts >50 × 109/L was 45 days [82]. Eltrombopag was also
reported to achieve good platelet response in approximately 60% of patients in three small
retrospective studies [83–85].

2.2.4. High Grade Lymphoma

In a phase 1/2 open label in patients with Hodgkin or non-Hodgkin lymphoma, who
experienced grade 3–4 thrombocytopenia (<50 × 109/L), romiplostim given one day after
chemotherapy did not have a beneficial effect on platelet nadir [86]. In contrast, in patients
receiving the RHyper-CVAD/RArac-MTX protocol, romiplostim, given 5 days before and
after chemotherapy, significantly (for a total of 2 doses) increased the platelet nadir and
decreased the duration of thrombocytopenia [87].
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2.2.5. CIT in Solid Tumors

CIT in solid tumors is defined as platelet count below 100 × 109/L with no other
reason for thrombocytopenia. CIT may carry a risk of bleeding and may delay anti-cancer
treatment and, therefore, it could potentially affect patients’ prognosis. A recent Cochrane
review assessed the effects of TPO-RAs to treat and prevent CIT [88]. No certain conclu-
sions could be made due to the weak available data. Selected studies for treatment of CIT
are presented in Table 3. These were mostly retrospective studies that reported off-label
use of romiplostim for this indication as well as several phase 2 studies. The main type
of tumor was of gastrointestinal origin. Romiplostim rapidly increased platelet counts
and could enable the scheduled anti-cancer treatments in most patients (Table 3). In the
largest retrospective study to date, predictors of non-response to romiplostim included
bone marrow tumor invasion, prior pelvic irradiation and exposure to temozolomide [89].
Nonetheless, in an open label phase II study of romiplostim in patients with glioblastoma
receiving temozolomide, 60% of patients had good response and only 20% had no re-
sponse [90]. The rate of thrombotic complications in patients who received romiplostim
was reported between 5–15% (Table 3). Most of the events were VTE and only a small num-
ber of arterial events were reported. It is unclear whether TPO-RAs increase thrombosis
in patients with cancer since no comparison group was included in most of the studies.
A phase 3 study of avatrombopag vs. placebo in cancer patients who experienced grade
3–4 thrombocytopenia, was recently terminated due to futility, but is yet to be published.
The press release reported that although avatrombopag increased platelet counts relative
to placebo as expected, the study did not meet the composite primary endpoint of avoiding
platelet transfusions, chemotherapy dose reductions by ≥15%, and chemotherapy dose
delays by ≥4 days [91,92].

2.2.6. Summary

TPO-RA studies in cancer are mainly retrospective or phase 2 trials. In these trials,
both romiplostim and eltrombopag showed a potential benefit in patients experiencing
severe thrombocytopenia related to low risk MDS and post allogeneic transplantation. In
patients receiving chemotherapy for solid tumors TPO-RAs may improve platelet counts
and the ability to prescribe scheduled anti-cancer treatments. The only two phase 3 trials
of eltrombopag in patients with high risk MDS and avatrombopag in solid tumors did
not meet the primary outcome. TPO-RAs may carry a risk in patients with advanced
MDS in combination with azacitidine and in patients with AML undergoing induction
chemotherapy. More phase 3 trials are indicated to investigate the role of TPO-RAs in
cancer patients, some of which are planned or underway, as detailed in Table 4.
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3. Managing Antithrombotic Therapy in Thrombocytopenic Patients

Cancer is associated with an increased risk of both venous and arterial thrombo-
sis [99–101]. Moreover, contemporary anticancer therapy and supportive care allow for
the treatment of older patients with comorbid cardiovascular disease. This means that
cancer patients, who are also at risk of thrombocytopenia, often have an indication for
antithrombotic therapy (i.e., anticoagulation or antiplatelet therapy) before or after cancer
diagnosis. Thrombocytopenic cancer patients remain at risk of venous and arterial throm-
bosis, since thrombocytopenia does not afford protection and is associated with adverse
outcomes [102–108]. Multiple mechanisms, not dependent on the platelet compartment,
contribute to cancer associated thrombosis, as recently reviewed [109]. These include
tumor-driven increases in procoagulant activity and inhibition of fibrinolytic and natural
anticoagulant pathways which lead to increased thrombin generation, as well as effects on
leukocytes and endothelial cells. On the other hand, cancer patients are at increased risk of
anticoagulation-associated bleeding [110,111], which is complicated by thrombocytopenia
and other hemostatic defects [26–28]. Therefore, balancing the thrombotic and bleeding risk
in thrombocytopenic risk remains a clinical challenge. Unfortunately, prospective data are
scarce, meaning that management is currently informed mainly by expert opinion [112] and
retrospective studies on VTE and ischemic heart disease [102,106,113–116], since clinical
trials of anticoagulants in cancer-associated VTE exclude patients with thrombocytopenia
(<50–100 × 109/L) [117–121].

3.1. Management Concepts

We generally manage antithrombotic medication within the framework of interna-
tional guidelines for treatment of VTE in thrombocytopenic cancer patients [122]. Impor-
tantly, these recommendations do not apply to other indications such as atrial fibrillation
or antiplatelet medication, which generally lack specific guidelines. Therefore, we adjust
management after considering context-specific evidence (see Sections 3.2 and 3.3) and
the risk-benefit ratio for the individual patient, bearing in mind the low level of evidence
driving these recommendations.

3.1.1. Risk Assessment

We always reevaluate the indication for antithrombotic therapy, and assess the associ-
ated thrombotic risk. We then estimate the anticipated duration of platelet counts below
50 × 109/L, which may range from days to weeks in case of CIT or months to years for
chronic disease-related thrombocytopenia, such as in MDS or graft versus host disease.
Of note, the vast majority of evidence pertains to short-term thrombocytopenia. We also
identify additional factors associated with higher bleeding risk in this setting, including
a history of bleeding, hematological malignancy and increasing bilirubin, creatinine, and
prothrombin time [113,114]. An important concept guiding management decisions is that
these patients have a high short-term risk of clinically significant bleeding, especially with
full anticoagulation [22,24,102,113,123–125]. Accordingly, the thrombotic risk should be
sufficiently high to justify anticoagulation.

3.1.2. Management Plan

Using the above information, we formulate a clear management plan, to be reassessed
frequently, often on a daily basis. We first decide whether to continue or hold the an-
tithrombotic medication. If continued, we consider changes in the dose and/or class of
antithrombotic medication, and modifications in platelet transfusion thresholds. When
anticoagulation is discontinued, mechanical measures to possibly mitigate thrombotic risk
are considered on a case-by-case basis. These include inferior vena cava filter placement
for acute lower extremity deep vein thrombosis (DVT) [122] or removal of the central
venous catheter in case of catheter-related DVT [126]. Finally, once the platelet count is
consistently above the threshold for full antithrombotic medication, we consider restarting
full antithrombotic therapy, even between treatment cycles, if the indication remains [123].
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3.2. Anticoagulation

Changes in anticoagulation management are generally recommended when platelets
are <50 × 109/L [112,122,127], since the bleeding risk appears to increase below this
threshold [102,123]. The two main indications for therapeutic anticoagulation in this setting
are VTE and atrial fibrillation. The evidence and guidelines relate almost exclusively to
low-molecular weight heparin (LMWH). The lack of data on direct oral anticoagulants with
platelets <50 × 109/L, and increased bleeding risk even with prophylactic doses indicate
that they should currently be avoided in this setting [119,121,122,128]. Retrospective cohort
studies of VTE patients show varying bleeding and thrombotic rates, as summarized in a
prior review [109].

The first month of anticoagulation for VTE is a high risk period for both recurrent
bleeding and thrombosis [110], with higher rates of recurrent VTEs in populations enriched
with acute VTE (i.e., within 30 days) [109]. Higher VTE burden (e.g., pulmonary embolism
or proximal lower extremity DVT) is also considered to carry a higher thrombotic risk [122].
The CHA2DS2VASC score may be used to assess the thrombotic risk in patients with atrial
fibrillation. Lower thrombotic risk scenarios where full-dose anticoagulation may not be
justified include non-acute VTE (especially in autologous hematopoietic stem cell trans-
plantation), catheter-related thrombosis and low risk atrial fibrillation [114,125,126,129].
Strategies for mitigating the high bleeding risk associated with continued anticoagulation
include increased platelet transfusion threshold (e.g., 40–50 × 109/L) and anticoagula-
tion dose reductions, but evidence proving the safety and efficacy of both approaches is
lacking [130].

Current guidelines use VTE acuity, risk of thrombus progression and platelet count
to direct decisions regarding anticoagulation in thrombocytopenic cancer patients with
VTE [122]. In case of acute VTE, high risk of thrombus progression and platelets <50 × 109/L,
increased platelet transfusion thresholds are recommended to enable full-dose anticoag-
ulation. In patients with acute VTE and a lower risk of thrombus progression or those
with non-acute VTE, LMWH dose reduction by 50% or prophylactic LMWH doses are
recommended when platelets are 25–50 × 109/L. Anticoagulation should generally be
discontinued at platelet counts below 25 × 109/L.

A recent study of 774 hypothetical case vignettes managed by 168 physicians suggested
that the management process was compatible with these guidelines but that management
varied according to physician characteristics and practice setting [131]. Of note, prior major
bleeding and the type of hematological disease and treatment influenced management, and
may be considered in the decision-making process, although not incorporated in the guide-
lines. Two recent retrospective analyses suggest that current management may achieve a
reasonable balance between bleeding and thrombotic risk in VTE patients [116,129], but
this remains to be confirmed prospectively by ongoing observational studies [132].

3.3. Antiplatelet Therapy

We generally discontinue aspirin used for primary prevention of arterial disease
in patients with thrombocytopenia. The platelet threshold requiring changes in aspirin
management appears lower than 50 × 109/L, but the exact threshold is unknown [106,115].
There are sufficient data to suggest that aspirin use in acute myocardial infarction in
thrombocytopenic patients (especially if platelets >30 × 109/L) should be considered [106],
but evidence on other indications is lacking.

Formal ischemic heart disease and stroke guidelines do not provide recommendations
for management of thrombocytopenic cancer patients. In a consensus statement from the So-
ciety for Cardiovascular Angiography and Interventions (SCAI), aspirin was recommended
when platelet counts were >10 × 109/L, while dual antiplatelet therapy was reserved for
platelets >30 × 109/L [133]. A recent review, not specific to cancer, provided higher platelet
thresholds (aspirin >50 × 109/L; dual antiplatelet therapy >100 × 109/L) [134].

A case vignette study assessing the decision-making process among 145 physicians
across three countries, outlined the patient and physician factors influencing management.
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This study indicated that physicians considered ST elevation myocardial infarction to be
a high-risk thrombotic scenario that warrants dual antiplatelet therapy despite thrombo-
cytopenia [135]. Furthermore, platelet transfusion was used in 34% of cases continuing
antiplatelet therapy to theoretically mitigate the risk of bleeding; however, there is no
evidence to support this practice.

4. Summary

The main take home messages regarding antifibrinolytics, TPO-RAs and antithrom-
botic medication in thrombocytopenic patients are shown in Figure 2. Platelet transfusion
remains the cornerstone of managing thrombocytopenia in cancer, while we eagerly await
the results of ongoing studies on antifibrinolytics and TPO-RAs.

Figure 2. Take-home messages. AML, acute myeloid leukemia; EACA, epsilon aminocaproic acid; MDS, myelodysplastic
syndrome; TPO-RA, thrombopoietin receptor agonists; TXA, tranexamic acid; VTE, venous thromboembolism.
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Abstract: Thrombocytopenia, defined as a platelet count <150,000/μL, is the most common compli-
cation of advanced liver disease or cirrhosis with an incidence of up to 75%. A decrease in platelet
count can be the first presenting sign and tends to be proportionally related to the severity of hepatic
failure. The pathophysiology of thrombocytopenia in liver disease is multifactorial, including (i)
splenomegaly and subsequently increased splenic sequestration of circulating platelets, (ii) reduced
hepatic synthesis of thrombopoietin with missing stimulation both of megakaryocytopoiesis and
thrombocytopoiesis, resulting in diminished platelet production and release from the bone marrow,
and (iii) increased platelet destruction or consumption. Among these pathologies, the decrease in
thrombopoietin synthesis has been identified as a central mechanism. Two newly licensed oral throm-
bopoietin mimetics/receptor agonists, avatrombopag and lusutrombopag, are now available for
targeted treatment of thrombocytopenia in patients with advanced liver disease, who are undergoing
invasive procedures. This review summarizes recent advances in the understanding of defective
but at low level rebalanced hemostasis in stable cirrhosis, discusses clinical consequences and per-
sistent controversial issues related to the inherent bleeding risk, and is focused on a risk-adapted
management of thrombocytopenia in patients with chronic liver disease, including a restrictive
transfusion regimen.

Keywords: advanced liver disease; bleeding risk; cirrhosis; hemostasis; thrombocytopenia; throm-
bopoietin receptor agonists/mimetics

1. Introduction

Complex disorders of the hemostatic apparatus are present in acute and chronic
liver disease, involving combined abnormalities of the megakaryocyte-platelet system,
coagulation, and fibrinolysis. Apart from coagulation defects (international normalized
ratio, INR > 1.5) due to reduced hepatocellular synthetic capacity, thrombocytopenia of
variable extent is a frequent feature both in acute and chronic liver disease. Importantly, a
decrease in platelet count tends to occur prior to clinical manifestations associated with
progressive liver failure and decompensation. Thus, thrombocytopenia can be a sensitive
noninvasive biomarker of liver disease and be used as a clinical diagnostic tool.

This review covers several aspects of platelet pathology in the context of a defective
but at low level rebalanced hemostasis in stable cirrhosis, addresses clinical features and
controversial issues, and discusses progress in the management of patients with chronic
liver disease and associated risks.
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2. Incidence of Thrombocytopenia

An analysis by the Acute Liver Failure Study Group, enrolling 1600 patients, docu-
mented that the median platelet count on admission was approximately 130,000/μL; 60%
of patients had platelets counts <150,000/μL, 35% <100,000/μL, and 10% <50,000/μL [1].
Despite a perceived hemorrhagic diathesis, clinically significant bleeding is rather uncom-
mon in acute liver disease. This observation is confirmed by a recent analysis on adult
1770 patients with acute liver failure by a Dutch Study Group [2]. Despite a median INR
of 2.7 and platelet count of 96,000/μL on admission, hemorrhagic complications occurred
in only 187 patients (11%), including 173 spontaneous and 22 postprocedural bleeding
events. However, 20 subjects among this patient cohort experienced an intracranial hem-
orrhage [2]. Progressive thrombocytopenia in acute liver disease can be an indicator of
impending multi-organ failure, as documented in a retrospective study [3]. Specifically,
an early decrease in platelets (during days 1 to 7 after admission) was proportional to the
grade of hepatic encephalopathy, requirement for treatment with vasopressor agents, and
kidney replacement therapy [3].

In patients with advanced fibrosis or liver cirrhosis, the prevalence of thrombocy-
topenia ranges between 15 and 75% [4–6]. A progressive decrease in platelet count is
considered as a noninvasive indicator for the development of portal hypertension due to
severe liver fibrosis or cirrhosis [7]. Overall, the degree of thrombocytopenia appears to be
proportionally related to the severity of liver disease but is not associated with spontaneous
bleeding, unless platelets counts decrease to <50,000–60,000/μL [8–13].

3. Is Thrombocytopenia a Predictive Parameter of the Bleeding Risk in Chronic
Liver Disease?

Several investigators have suggested that thrombocytopenia may be of predictive
validity regarding hemorrhagic events in patients with cirrhosis. However, data on the
overall significance of lowered platelet counts among this patient population are equivocal.
Thus, a number of studies indicate severe thrombocytopenia (<50,000/μL) to be a predictor
of major bleeding and re-bleeding in the peri-interventional setting [14], while others
cannot confirm an explicit correlation between low platelet counts and the incidence of
periprocedural hemorrhage [6,15]. The conflicting conclusions result, at least in part, from
differences in study populations and procedures.

4. Pathophysiology

Thrombocytopenia in liver disease results from increased splenic sequestration due to
portal hypertension and subsequent hypersplenism [7,8,13,16], decreased thrombopoietin
(TPO) production [6,17–19], and/or from toxic or virus-induced suppression of megakary-
ocytopoiesis [6,19–21]. In the past, low platelet counts in liver disease were mainly at-
tributed to splenic pooling and/or consumption. By contrast, autoantibody-mediated
platelet destruction is of minor importance in most cases with chronic liver disease, but
may be relevant in hepatitis C-induced cirrhosis [6]. In these patients, antiplatelet anti-
bodies are detectable, often at high levels [22]. More recently, the impact of abnormal
rheological conditions, resulting from enhanced portal pressure, is also discussed as an
additional mechanism of increased platelet destruction in chronic liver disease [19]. It is
hypothesized that platelets, upon exposure to high shear stress and subsequent activation,
are rapidly eliminated from the circulation, thereby potentiating thrombocytopenia. How-
ever, this contention is distinct from established high-shear conditions resulting in bleeding
complications due to loss of high-molecular-weight von Willebrand factor [23].

During the past decades, detailed exploration of the association between hepatic
synthesis of TPO and residual hepatic function allowed a more specific insight into the
pathophysiology of thrombocytopenia in liver disease. In fact, TPO levels are near-normal
or even increased in acute hepatic disease [18]. This is in contrast to patients with chronic
liver disease, in whom TPO serum levels are significantly decreased and therefore thought
to be a central pathomechanism to thrombocytopenia in cirrhosis [6,24]. TPO is pre-
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dominantly synthesized in hepatocytes and, consequently, reduced upon damage to or
destruction of liver cell mass. Importantly, among other cytokines involved, TPO is the
only one, driving both megakaryocytopoiesis and thrombocytopoiesis at all stages of
differentiation and maturation (i.e., from stem cell to multipotent progenitor committed
megakaryocyte progenitor cell, immature and mature megakaryocyte to the formation and
release of platelets) [25]. The availability of TPO receptor agonists in patients with chronic
liver disease and severe thrombocytopenia has therefore been highly anticipated [26,27].
Details on the use of the agents are discussed in the Management Section 9.

5. “Low-Level” Hemostasis—A Defective but Rebalanced System in Liver Disease

Despite the multifaceted hemostatic defects, bleeding episodes due to compromised
hemostasis are relatively infrequent in patients with liver disease. Based on clinical and
systematic laboratory findings, we hypothesized as early as the mid-1980s that a balanced
low-level hemostatic equilibrium due to a concordant reduction in pro- and anti-hemostatic
components is present in stable liver cirrhosis [8,16]. However, this balance is extremely
labile and thus can be easily destabilized by various triggers (e.g., infection, variceal bleed-
ing, decompensated liver cirrhosis, invasive procedures, or inadequate hemotherapy with
prothrombotic components such fresh-frozen plasma, activated prothrombin complex con-
centrates, or recombinant factor VIIa). More recent studies have confirmed our contention
of a rebalanced hemostasis (Figure 1), resulting from a commensurate decline in pro- and
anti-hemostatic factors both in patients with acute and chronic liver disease [28–30].

Figure 1. The concept of rebalanced hemostasis in patients with liver disease. In healthy subjects (A), hemostasis is in stable
equilibrium. In patients with liver disease (B), concomitant changes in pro- and antihemostatic components and pathways
result in rebalance of the hemostatic apparatus despite the quantitative and qualitative disease-related defects, affecting
platelets (primary hemostasis), coagulation (secondary hemostasis), and fibrinolysis. Thus, hemostasis is rebalanced at low
level, but the equilibrium now is extremely labile. In patients with decompensated liver disease (C) and comorbidities,
various stimuli can lead to destabilization and tip the balance toward either bleeding or thrombosis [29]. Modification
of a scheme, taken from Eby and Caldwell [31]. Abbreviations: α2-AP, α2-antiplasmin; Antithromb, antithrombin; DIC,
disseminated intravascular coagulation; DVT, deep vein thrombosis; F, factor; PAI-1, plasminogen activator inhibitor-1;
PE, pulmonary embolism; Plt’let, platelet; TAFI, thrombin activatable fibrinolysis inhibitor; t-PA, tissue-type plasminogen
activator; VWF, von Willebrand factor.
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Moreover, despite decreased procoagulant coagulation factors, thrombocytopenia and
suspected platelet dysfunction, patients with acute or chronic liver disease can display hyperco-
agulable features, which may explain, at least in part, that thrombotic complications are more
common than spontaneous bleeding complications [28–30]. For example, apart from normal
or even enhanced thrombin generation in liver cirrhosis [12,32,33], Stravitz et al., have shown
increased levels of highly procoagulant platelet-derived microparticles [34].

In addition, elevated plasma levels of von Willebrand factor (VWF), typically observed
in chronic liver disease, can compensate for the low numbers of circulating platelets [35] and
may restore primary hemostasis [28,30,32]. Concomitantly, concentrations of ADAMTS13,
a plasma metalloprotease that cleaves high-molecular-weight VWF species into smaller
and less prohemostatic VWF multimers, are decreased in patients with cirrhosis and
thus support VWF-mediated platelet adhesion to the subendothelium at sites of vascular
lesions [32,36]. However, these compensatory mechanisms fail to operate in patients with
end-stage liver disease (Figure 1), in whom prominent bleeding complications remain a
serious concern [32].

6. Platelet Dysfunction in Liver Cirrhosis

Concomitant platelet function defects, as suggested in chronic liver disease, are less
well defined [23]. Generally, it has been assumed that platelet function deteriorates with the
severity of liver disease. Older studies have described in vitro aggregation abnormalities
in response to several agonists [37,38]. Some of the platelet aggregation defects were at-
tributed to elevated levels of fibrinogen/fibrin degradation products or dysfibrinogenemia,
both of which are rather common in chronic hepatitis and cirrhosis. Combined α- and
δ-granule storage pool deficiency, as reported in a small series of patients [39], can impair
platelet function and favor a hemorrhagic diathesis in chronic liver disease. However,
platelets from patients with severe but stable cirrhosis display a normal content of α- and
δ-granule constituents [8,16]. Thus, if at all, storage pool deficiency does not appear to play
a significant role in the pathogenesis of platelet defects in cirrhotic patients. Importantly,
toxic effects of ethanol may also contribute to platelet dysfunction [20]. Other possible
mechanisms include defects in the glycoprotein (GP) Ib of the GPIb-IX-V complex [40],
decreased availability of arachidonic acid and consequently reduced biosynthesis of throm-
boxane A2 [41], increased cholesterol content of the platelet plasma membrane, impaired
transmembrane signaling [41], elevated sialic acid concentration of circulating platelets,
and hypersialylated fibrinogen [8].

Platelet defects resulting from various mechanisms, as outlined above, may remain
compensated and clinically inapparent as long as platelet function (and/or coagulation)
is not inhibited pharmacologically [42]. Therefore, drug-induced platelet dysfunction is a
major concern, specifically in thrombocytopenic patients with liver cirrhosis.

By contrast, antiplatelet antibodies, rather infrequently found in patients with acute
or chronic viral liver disease, appear to be of minor relevance in this setting with regard to
qualitative or quantitative platelet disorders [4]. The diagnosis of impending disseminated
intravascular coagulation (DIC) in patients with liver disease is often difficult to ascertain
because of the multiple hemostatic alterations.

7. Clinical Features of Bleeding in Liver Disease

Bleeding is common among patients with liver disease but less frequent than generally
assumed and also emphasized in traditional textbooks. Hemorrhagic diathesis includes
spontaneous hematomas, oozing from oropharyngeal mucosa, and bleeding upon dental
extraction, skin puncture, or from biopsy sites. Compared with age-matched individuals,
the incidence of non-variceal upper gastrointestinal hemorrhage in patients with liver
disease is estimated to be twice as high as in the general population (50–100 per 100,000
person per year) [43]. By contrast, intracranial bleeding is rare.

Given the fact that about 50% of cirrhotic patients develop gastroesophageal varices
(and that one-third will experience variceal hemorrhage), patients with chronic liver disease
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are at risk for bleeding complications. This is illustrated by a high in-hospital mortality rate
of approximately 15% for each episode of acute gastrointestinal hemorrhage, and variceal
bleeding is the cause of death for approximately 6% of patients with liver cirrhosis [31].
Predictors of a first upper gastrointestinal bleeding in cirrhotic patients include presence of
varices, elevated variceal pressure, and laboratory evidence of decreased hepatocellular
synthesis (with or without manifest coagulopathy), and thrombocytopenia.

Moderate or severe bleeding complications reported after percutaneous liver biopsy
are consistently low with rates of 0.5 to 0.7% in large contemporary series [31,44]. However,
these findings should be considered with caution since most of the data from these studies
are derived from patients in relatively stable or compensated condition of advanced liver
disease. This is also true for attempts to correlate hemostasis test results with clinical
outcome or prediction of bleeding in the setting of invasive procedures.

Drugs represent the most common cause of acquired platelet dysfunction in our
overmedicated society. Apart from typical antiplatelet agents such as aspirin, adenosine
diphosphate receptor antagonists, and integrin αIIbβ3 (GPIIb-IIIa) receptor blockers, other
widely used agents, including non-steroidal anti-inflammatory drugs, antibiotics, cardio-
vascular and lipid-lowering drugs, selective serotonin reuptake inhibitors, and a plethora
of miscellaneous agents, diets, and food additives or spices can affect platelet function and
cause or aggravate a hemorrhagic diathesis [42].

8. Laboratory Assessment of Bleeding Risk in Liver Disease

8.1. Hemostasis Screening Tests—Often Inconclusive

Analysis of hemostasis in patients with advanced liver disease remains crucial for
correct diagnosis, management decisions, assessment of bleeding risk, and monitoring
of treatment, specifically of hemotherapy. However, most routine laboratory hemostasis
tests are not really suitable to predict bleeding. For example, prolongation of bleeding
time is found in about 40% of cirrhotic patients but a poor predictor of hemorrhage after
percutaneous liver biopsy [31]. Moreover, screening coagulation tests are imprecise and
display potentially misleading results in advanced liver disease. In particular, prothrombin
time (INR) is of limited predictive value with regard neither to the bleeding nor to the
thrombotic risk in a given patient. Thus, an elevated INR only reflects a reduction in
procoagulant coagulation factors due to decreased hepatocellular synthesis but not the con-
comitant decline in anticoagulant activity of the protein C pathway. Alternative methods
such as thrombin generation assays might not be routinely available and have not been
sufficiently validated to be recommended as replacements for INR. This is in contrast to
thromboelastography (TEG), a viscoelastic assay that more closely reflects global hemosta-
sis in vivo. Importantly, TEG may overcome some of the limitations or shortcomings of
standard coagulation tests in patients with acute and chronic liver disease [45].

8.1.1. Thromboelastography

TEG allows to dissect the kinetic conversion of fibrinogen into fibrin, the dynamics
of fibrin- and platelet-driven clot formation, and the assessment of clot strength and clot
stability. TEG can also be helpful for detecting abnormal fibrinolysis.

TEG is now widely used in patients with acute and chronic liver disease, specifically
in subjects undergoing liver transplantation to guide replacement therapy with hemo-
static factor concentrates (during the pre-anhepatic and anhepatic phases) and to monitor
treatment of hyperfibrinolysis. However, neither the TEG method nor the hemotherapeu-
tic consequences for correction of TEG parameters are consistently standardized across
transplantation centers [45].

Interestingly, patients with cirrhosis secondary to cholestatic liver disease such as
primary biliary cirrhosis (PBC) or primary sclerosing cholangitis (PSC) have been found to
be hypercoagulable by TEG when compared to patients with noncholestatic entities [46,47].
This difference may be due to higher levels of fibrinogen and a still intact platelet function
in the cholestatic stetting despite similar degrees of portal hypertension in the different
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patient populations [48]. Taken together, these observations may explain the lower rates of
bleeding complications and fewer transfusion needs during liver transplantation in patients
with PBC or PSC than in those with end-stage liver disease of other etiology. Moreover,
several studies have demonstrated that TEG parameters indicative of hypocoagulation
and/or thrombocytopenia are associated with liver disease severity and outcomes [49–51].

8.1.2. Standardization and Validation of Whole Blood Viscoelastic Assays

Most investigations suggest that analysis of patients with acute and chronic liver
disease by TEG provides a more reliable assessment of the hemorrhagic risk than standard
coagulation assays and determination of the bleeding time. However, only a few studies
have directly compared the results of standard coagulation and viscoelastic assays. Overall,
a poor correlation between test parameters of both approaches was reported [52].

During the past years, attempts have been made to implement standardization of
viscoelastic testing in a variety of clinical conditions including acute and chronic liver
disease [53]. Two commercially devices are currently used: the TEGTM (TEG500 and
TEG6s) and ROTEM (with a number of different modules including ROTEM platelet). The
clinical utility and reliability of thromboelastography have recently been assessed in a
prospective validation study [54]. Moreover, thromboelastographic reference ranges within
a population of cirrhotic patients undergoing liver transplantation are now proposed [55].

8.2. MELD Score

The model for end-stage liver disease (MELD), initially created in 2000 by investigators
from the Mayo Clinic to predict survival in patients with portal hypertension undergoing
placement of transjugular intrahepatic portosystemic shunts (TIPS) [56], and subsequent
refinement modifications of the MELD score are being broadly used to predict survival and
bleeding complications in a variety of patient cohorts with liver disease of different etiology
and distinct interventions [57,58]. MELD incorporates three widely available variables
(INR, serum creatinine, and serum bilirubin). Thus, the score is affected by variability and
interlaboratory variation of INR determinations [31], which in turn specifically limits its
application to predict bleeding complications along with invasive procedures [59]. Conse-
quently, most physicians are left in the difficult position of relying on clinical assessment
of the individual bleeding risk when deciding whether or not to administer potentially
harmful hemotherapy or hemostatic treatment.

8.3. Platelet Thresholds—Not Based on High-Quality Data

By contrast to screening coagulation tests, thrombocytopenia can be an indicator of
increased hemorrhagic risk in patients with liver disease. As documented by a number
of retrospective case series [31,60,61], bleeding complication rates after percutaneous liver
biopsies are higher at platelet counts <50,000/μL. Based on these data, most recognized
centers in Europe require preprocedural platelet counts >80,000/μL, whereas a survey
of US centers showed a preference for a platelet threshold of >50,000/μL [60]. Thus, the
evidence for a valid “cutoff” value remains scanty.

A very recent re-evaluation of published studies has revealed the paucity of data to
recommend a “safe” minimum platelet number for invasive procedures in patients with
chronic liver disease [61]. Importantly, in a large retrospective study of patients having
percutaneous liver biopsy, implementation of less stringent preprocedural hemostasis
parameters (INR < 2.0, platelet counts >25,000/μL) was associated with fewer hemorrhagic
complication rates and a decrease in preprocedural administration of fresh-frozen plasma
and platelet concentrates in comparison with using “historical” cut-off levels (INR < 1.5,
platelet counts > 50,000/μL) [62]. A possible explanation for this apparent contradiction is
that INR and platelet counts are surrogate markers of liver fibrosis and/or portal hyper-
tension, which per se may be risk factors for bleeding. Such a contention would provide a
plausible reason that attempts to correct hemostatic changes can increase the hemorrhagic
risk since defective hemostasis is not necessarily the underlying cause of bleeding, and
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increasing the intravascular volume is likely to be counterproductive [61]. As discussed
below, transfusion-associated circulatory overload is a major concern in the management
of patients with chronic liver disease.

9. Management of Thrombocytopenia in Patients with Liver Disease

Generally, the approach to bleeding in patients with acute or chronic hepatic dis-
ease can be divided into supportive measures, prophylactic treatment prior to invasive
procedures, and in rescue therapy for active bleeding. In particular, management of throm-
bocytopenia in cirrhotic patients is a challenging task for physicians both in the in- and
out-patient setting.

9.1. Hemotherapy with Platelet Concentrates

Until recently, transfusion of platelets has been a gold standard for the management
of thrombocytopenia in liver disease patients. Generally, two types of platelet concentrates
are available for hemotherapy: single-donor apheresis platelet concentrates (SDAPC) and
pooled whole blood-derived platelet concentrates (PPC) that are obtained from 4 to 6
donors and prepared either using the platelet rich plasma (PRP-PC) or the buffy coat
(BC-PC) method [63–65]. There is ongoing debate on whether or not SDAPC are superior
to PPC, specifically with regard to individuals, who frequently require multiple platelet
transfusions such as cirrhotic patients [66–70]. Of note, SDAPC are preferentially used in
France, Germany, and the UK, whereas in the USA more than 90% of platelet transfusions
are performed using pooled PRP-PC.

9.2. Limitations of Platelet Transfusions

Despite advances in pathogen safety, platelet collection, preparation technologies,
and storage modalities, potential risks associated with hemotherapy persist, including
infection, alloimmunization, febrile non-hemolytic effects, hemolysis, and transfusion-
related acute lung injury (TRALI). Refractoriness to platelet transfusions resulting from
HLA alloimmunization is a serious complication in up to 50% of patients, who permanently
require hemotherapy with platelets. Another concern in cirrhotic patients results from
the fact that transfused platelets are rapidly sequestered in the spleen leading to low
increments. Consequently, transfusion therapy is only effective in the short term.

9.3. Prophylactic or “On-Demand” Platelet Transfusions

Facing with low platelet counts and the hemorrhagic risk, most physicians are inclined
to reach “near-normal” platelet levels in patients with acute or chronic liver disease. Thus,
prophylactic platelet transfusions are common practice “to warrant safety and optimal
care”. However, as outlined above (Section 8 Laboratory Assessment), no evidence-based
“trigger” for platelet transfusions exists. Consequently, guidelines from various societies
provided only weak recommendations with regard to platelet count threshold levels at
which “platelet transfusions should be considered” prior to scheduled invasive procedures.
Very recent guidelines from the British Society of Gastroenterology, the Royal College of
Radiologists, and the Royal College of Pathology and from the American Gastroenterol-
ogy Association now define a uniform but still empirical “cut-off” with a platelet count
of >50,000/μL as threshold needed prior to high-risk procedures/interventions [61,71].
Outside the interventional setting, no prophylactic platelet transfusions should be initi-
ated to prevent patients from being subjected to unnecessary transfusions that provide no
additional benefit [72].

By contrast, treatment with SDAPC or PPC remains a cornerstone of rescue therapy
for active bleeding in patients with hepatic failure. As discussed below, additional plasma-
derived or recombinant products such as fibrinogen concentrate or activated factor VIIa
(rFVIIa) may be required to control severe hemorrhagic complications in the majority of
patients.
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9.4. Thrombopoietin (TPO) Receptor Agonists

The use of TPO receptor agonists/mimetics has provided substantial progress in the treat-
ment of acquired thrombocytopenia in various conditions, including liver disease [25,73–79].
Among the four available agents, two of them, avatrombopag and lusutrombopag, received
approval in 2018 by the Food and Drug Administration for treating thrombocytopenia in
patients with chronic liver disease needing a scheduled invasive procedure [80,81]. Both second-
generation TPO receptor agonists are orally administered drugs.

9.4.1. Avatrombopag

In two seminal, identically designed, double-blind, randomized, placebo-controlled
phase-3 trials, ADAPT-1 and ADAPT-2, avatrombopag was demonstrated to be superior to
placebo in reducing the need for platelet transfusions or any rescue therapy for bleeding
in 435 patients with thrombocytopenia and chronic liver disease undergoing a scheduled
invasive procedure [82]. In both studies, patients were stratified into two groups based on
lower (<40,000/μL) or higher (>40,000/μL to <50,000/μL) baseline platelet count levels.
The efficacy of avatrombopag was documented in both cohorts with a significantly greater
proportion in drug-treated than in corresponding placebo groups (Table 1). Upon ad-
ministration of the TPO receptor agonist (40 or 60 mg daily for 5 days), platelet counts
increased with a peak effect between days 10 and 13 and returned to baseline levels by day
35 [82]. The overall safety profile was similar for avatrombopag and placebo, except for
hyponatremia reported as the most serious adverse effect.

Table 1. Efficacy of second-generation TPO receptor agonists for the treatment of thrombocytopenia in patients with chronic
liver disease scheduled for invasive procedures. Synopsis of results from four multicentric, randomized, double-blind,
placebo-controlled phase-3 trials [82–84].

Agent Trial
N of Patients

(Drug/Placebo)
Dosing

Baseline
Platelet Count

Outcome
Percentage of Responders *

Avatrombopag Drug Placebo

ADAPT-1 n = 231 (149/82)
60 mg/d for 5 d <40,000/L 65.6% 22.9%

40 mg/d for 5 d �40,000/μL to
<50,000/μL 88.1% 38.2%

ADAPT-2 n = 204 (128/76)
60 mg/d for 5 d <40,000/L 68.6% 34.9%

40 mg/d for 5 d �40,000/μL to
<50,000/μL 87.9% 33.3%

Lusutrombopag Drug Placebo

L-PLUS-1 n = 96 (48/48) 3 mg/d for 7 d <50,000/μL 79% 12.5%

L-PLUS-2 n = 215
(108/107) 3 mg/d for 7 d <50,000/μL 64.8% 29.0%

* Responders were defined as patients not requiring platelet transfusion or rescue therapy for bleeding through 7 days after the invasive procedure.

9.4.2. Lusutrombopag

Efficacy and safety of lusutrombopag were assessed in two randomized, double-
blind, placebo-controlled trails, L-PLUS-1 and L-PLUS-2, enrolling 96 and 215 cirrhotic
patients undergoing invasive interventions, respectively [83,84]. Key endpoints of the
studies were avoidance of preprocedure platelet transfusions (L-PLUS-1 and -2), avoidance
of rescue therapy for bleeding (L-PLUS-2), and number of days with platelet counts
>50,000/μL (L-PLUS-2). Both trials showed that lusutrombopag (3 mg once daily for up to
7 days) was effective in achieving and maintaining the target platelet count in patients with
thrombocytopenia (<50,000/μL) and chronic liver disease (Table 1). The median time to
reach peak levels in platelet counts was 12 days, and the median duration of platelet levels
over the threshold lasted 19 days [84]. No significant safety concerns were raised in both
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trials. The most common adverse effect of lusutrombopag was headache, while the most
common serious adverse event was portal-vein thrombosis [84]. However, the number of
thrombotic complications did not differ between drug- and placebo-treated patients (two
in each group).

9.4.3. Treatment Algorithm for the Management of Thrombocytopenia in Liver Disease

In the light of new options given by the availability of safe and efficacious agents,
Saab and Brown recently proposed a treatment algorithm [25] based on the original version
by Gangireddy et al. [85]. Core elements of the updated modification (Figure 2) include (i)
stratification of patients according to their degree of thrombocytopenia (with a “wait and
re-examine” strategy for those with mild decrease in platelet count), (ii) administration
of a TPO receptor agonist as first-line, and (iii) transfusion of platelet concentrates as
second-line treatment or “back-up” option for high-risk patients, major surgery, or rescue
therapy for patients with active hemorrhage.

Figure 2. Proposed management of mild, moderate, and severe thrombocytopenia in patients with chronic liver disease.
Displayed is the compilation of a treatment algorithm, originally designed by Gangireddy et al. [85] and subsequently
adapted by Saab and Brown [25]. In this modification, administration of plasma products (e.g., fibrinogen concentrate,
activated factor VII, prothrombin complex concentrate) as rescue therapy for active bleeding is omitted for clarity. To confirm
no need for treatment, patients with mild thrombocytopenia should have periodic re-examination including complete blood
screening. Of note, for moderate and severe thrombocytopenia, the use of TPO receptor agonists is now considered as
first-choice treatment option, whereas platelet transfusions are restricted to major surgery and control of active hemorrhage.
The star indicates that, upon platelet transfusion, a target platelet count >100,000/μL is aimed at. Abbreviations: CBC,
complete blood cell count; DIC, disseminated intravascular coagulation; LFT, liver function testing; PSE, partial splenic
embolization; TCP, thrombocytopenia; TPO, thrombopoietin.

It must be stressed, however, that the proposed treatment algorithm displayed in
Figure 2 should be considered as a provisional recommendation, which requires careful
evaluation and validation before becoming clinical practice. Specifically, caution is ad-
vised at this time regarding the use of TPO receptor agonists in patients with moderate
thrombocytopenia when in critical conditions such as intracranial bleeding.
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9.4.4. Thrombotic Risk in Chronic Liver Disease Patients upon Treatment with TPO
Receptor Agonists

Thrombotic events are a key safety concern with the use of either platelet transfusions
or the administration of TPO receptor agonist to raise platelet counts in cirrhotic patients
with severe thrombocytopenia. For example, a phase-3 trial using eltrombopag in this
condition prior to invasive procedures was prematurely terminated because of an increased
rate of thrombotic complications [27]. However, by contrast to subsequent trials evaluat-
ing second-generation TPO receptor agonists in chronic liver disease, eltrombopag was
assessed by the ELEVATE (Eltrombopag Evaluated for its Ability to Overcome Thrombocy-
topenia and Enable Procedures) study group without abdominal imaging for splanchnic
thrombosis at baseline. Thus, it is possible that some of the patients had a subclinical
portal-vein thrombosis at study entry [27].

Several recent reviews and meta-analyses of studies (including more than 2200 pa-
tients in total) that compared the effect of three TPO receptor agonists (eltrombopag,
avatrombopag, and lusutrombopag) and placebo in patients with chronic liver disease and
thrombocytopenia reported on a trend toward increased risk of portal-vein thrombosis
upon preprocedural treatment with the TPO receptor agonist (1.6% overall for the drugs
vs. 0.6% for placebo) [25,86–88]. However, this difference was not statistically significant.
Interestingly, a significant association between portal-vein thrombosis and TPO receptor
agonist was shown for eltrombopag alone but not with avatrombopag or lusutrombopag
treatments. In accord with these results, Michelson et al., reported that avatrombopag
leads to an approximately two-fold increase in platelet counts but not in platelet activation
among thrombocytopenic patients with liver disease [89].

Another analysis reviewed the number of arterial and venous thromboembolic events
in more than 1700 patients treated with either eltrombopag or placebo in the preprocedural
setting and identified a significantly higher rate of thromboembolic events in patients
treated with eltrombopag (3.6%) than in those with placebo (1.1%) [25]. Overall, there are
differences among oral TPO receptor agonists regarding their thrombotic potential, with
eltrombopag carrying a significant thrombotic risk. However, this conclusion is questioned
by others due to the fact that eltrombopag, as discussed above, was studied in the ELEVATE
trial without appropriate pre-screening for portal-vein thrombosis [90].

9.4.5. Medico-Economic Evaluation of Treatment with TPO Receptor Agonists vs.
Platelet Transfusion

Several studies have assessed the clinical effectiveness in relation to the estimated cost-
effectiveness of avatrombopag, lusutrombopag, and platelet transfusions. Some results of
these analyses are equivocal or conflicting [91–94]. For example, Mladsi et al., reported that
avatrombopag reduced the need for platelet transfusions and thus produced cost-savings
compared with platelet transfusion (80% fewer prophylactic platelet transfusions, USD
4250 lower costs) or lusutrombopag (42% fewer platelet transfusions, USD 5820 lower
costs) [91,92]. Others concluded from their cost-effectiveness analysis that avatrombopag
and lusutrombopag are more expensive than no TPO receptor agonist over lifetime, as
savings from avoiding platelet transfusions are exceeded by the drug cost and appear to be
without long-term health benefits [93]. However, such a contention disregards that platelet
transfusions are inappropriate as a sustained management option in patients with chronic
liver disease.

10. Management of Hemostasis in Patients with Liver Disease

10.1. General Supportive Measures

Several general measures should be considered to stabilize or improve hemostasis
in patients with liver disease, specifically in those with decompensated cirrhosis. Among
others, these measures include: (i) control of the viral load (hepatitis B, C, or E virus),
(ii) prevention and appropriate treatment of bacterial infection(s), (iii) therapy of renal
dysfunction, and, importantly, (iv) avoidance of volume extension to reduce any side-effects
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on portal pressure and collateral vessels, in particular, varices. Indeed, understanding
that volume extension increases portal pressure and promotes or exacerbates manifest
bleeding in cirrhotic patients has had a significant impact on their management. Overall,
this contention has promoted the concept of a “low-volume” approach to patients with
chronic liver disease [31].

10.2. Additional Options for Supportive Hemotherapy to Bleeding Patients with Liver Disease

In accord with the “low-volume” concept but by contrast to common practice, a restric-
tive transfusion regimen is required in patients with liver disease to avoid prohemostatic
hemotherapy and treatment-induced thrombotic complications or alloimmunization with
resulting platelet refractoriness. Consequently, recent UK and US guidelines strongly
recommend that blood products should be used sparingly in patients with acute or chronic
liver disease [61,71].

Apart from the hemotherapy-induced increase of portal pressure, the risk of transfusion-
associated circulatory overload, transfusion-related acute lung injury (TRALI), transmission
of pathogens, alloimmunization, and/or transfusion reactions are major concerns. For man-
agement of active bleeding or high-risk invasive procedures the following transfusion
thresholds are currently recommended to improve hemostasis in advanced liver disease:
hematocrit >25%, platelet count >50,000/μL, and fibrinogen >120 mg/dL [61]. Of note,
previously used thresholds for correction of the INR are no longer recommended since
target reductions of INR are not supported by evidence.

10.2.1. Fresh-Frozen Plasma (FFP)

Upon administration at common dosing (10 mL/kg), FFP has minimal effect on defec-
tive coagulation; only 10% of cirrhosis patients reach a reduction in INR [31]. The large vol-
ume of FFP required to reach an arbitrary INR target and to improve thrombin generation
causes circulatory overload, thus limiting the indication and usefulness of FFP considerably.

10.2.2. Prothrombin Complex Concentrates (PCCs) and/or Fibrinogen Concentrates

Replacement therapy with 4-factor (F) PCCs containing FII, FIX, FVII, and FX along
with variable amounts of proteins C, S, and Z offers an attractive option to restore vitamin
K-dependent coagulation factors with minimal volume.

In addition, whenever indicated (e.g., FI levels < 80 mg/dL), targeted substitution of
fibrinogen using fibrinogen concentrates (e.g., HaemocomplettanTM, initial dosing 2 g or
30 mg/kg) should be considered and monitored by appropriate monitoring of coagulation
and platelet function testing (e.g., by aggregometry). Two recent retrospective single-
center studies confirm that hemotherapy with PCCs (and co-administration of fibrinogen
concentrate) is safe and effective in patients with acute or chronic liver disease and liver
transplantation [95,96]. Importantly, the rate of thromboembolic events in association with
coagulation factor replacement therapy was less than 3% [95]. However, these treatment
options must not be generalized.

By contrast, special caution and careful decision making are required. As discussed
above (see Section 8 “Low Level” Hemostasis and Figure 1), patients with stable liver
cirrhosis display a labile low-level equilibrium of pro- and anti-hemostatic components
that is highly susceptible to pathogenic triggers such as inappropriate hemotherapy [8,16].
Specifically, decompensated liver disease can lead to increased consumption of coagulation
factors, including progressive hypofibrinogenemia and progressive thrombocytopenia,
often associated with hyperfibrinolysis [16,28]. Elevated levels of platelet, coagulation
and fibrinolysis activation markers may be indicative of their defective clearance [29],
mainly due to the reduced hepatocyte mass and a compromised monocyte-macrophage
system, and/or reflect, in part, ongoing low-grade disseminated intravascular coagulation
(DIC) [16,97]. Such a condition is prone to be boosted by inappropriate replacement therapy
and eventually resulting in manifest DIC [11,97].
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10.2.3. Recombinant Activated Factor VII (rFVIIa)

rFVIIa is successfully used in a variety of conditions, including chronic liver disease,
to control active hemorrhage [98–100]. Main settings related to end-stage liver disease are
upper gastrointestinal bleeding (mainly from esophageal varices) and major surgery such
as hepatectomy and liver transplantation. According to Consensus European Guidelines
on the use of rFVIIa, this agent should not be administered to patients with Child-Pugh A
cirrhosis; moreover, treatment with rFVIIa of acute hemorrhage in advanced liver disease
(Child-Pugh B or C cirrhosis) is uncertain [101]. In addition, a number of thrombotic com-
plications (stroke, myocardial ischemia, and portal-vein thrombosis) have been reported
in patients with advanced liver disease following administration of rFVIIa, thus raising
concerns on its safety in this setting (for which no license of rFVIIa exists) [99].

10.2.4. Red Blood Cells (RBC)

Transfusion of packed RBC should also be managed restrictively due to adverse side
effects on portal pressure, analogously to volume expansion upon administration of FFP, as
outlined above. Current recommendations indicate a target hemoglobin of 7 to 8 g/dL [31].
Prior to scheduled invasive interventions, slightly higher hemoglobin levels (8.5 to 9.5
g/dL) should be achieved to improve hemostasis and thus reduce the risk of periprocedural
complications [61].

10.3. Other Specific Agents
10.3.1. Vitamin K

Replacement therapy can be considered in liver disease patients with an increased
INR, which may in part reflect vitamin K deficiency (causing abrogated γ-carboxylation of
coagulation factors II, VII, IX, and X and of proteins C and S). However, vitamin K deficiency
is rather uncommon in this setting, unless there is coexisting cholestasis, antibiotic therapy,
recent malnutrition, or long-term intensive care. If used, vitamin K should be administered
parenterally due to impaired oral or intestinal adsorption in patients with liver failure.
Caution is required, as intravenous application of vitamin K carries the risk of anaphylaxis.

10.3.2. Desmopressin (1-Deamino-8-Arginine Vasopressin, DDAVP)

DDAVP is frequently used to improve hemostasis empirically. The agent can decrease
prolonged bleeding time due to drug-induced acute release of von Willebrand factor from
its endothelial storage organelles. The benefit of DDAVP administration in patients with
liver disease is debated controversially. In fact, several randomized trials comparing
DDAVP and placebo prior to invasive procedures (e.g., percutaneous liver biopsy; partial
hepatectomy in patients with hepatocellular cancer) showed no difference in blood loss
or transfusion requirements [31]. Overall, while side effects (e.g., headache, nausea, flush,
diarrhea, or hyponatremia) from DDAVP are infrequent, and the agent is commonly used
preprocedurally, its clinical efficacy has not been established in this setting.

10.3.3. Antifibrinolytics

Antifibrinolytics may be useful when cirrhosis-associated hyperfibrinolysis is sus-
pected or proven. Two agents are available, ε-aminocaproic acid (EACA) and tranexamic
acid (TA), both of which abrogate binding of plasminogen or plasmin to fibrin, thus in-
hibiting fibrinolysis. There are only small series of patients and a number of case reports,
demonstrating the efficacy and safety of EACA or TA in liver failure and advanced cirrho-
sis [102,103]. A systematic review and meta-analysis of more than 20 randomized controlled
trials (with a total of 1400 patients) documented a reduction in RBC transfusions during
liver transplantation when comparing TA to placebo, while the efficacy of EACA remained
unproven in this setting (due an unpowered study) [104]. Importantly, this meta-analysis
did not provide evidence for an increased risk of thromboembolic events associated with
antifibrinolytic treatment in liver transplantation [104]. Overall, antifibrinolytic agents
appear to be safe and well tolerated in cirrhotic patients [31].
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11. Conclusions

Hemostatic dysfunction in acute and chronic liver disease and novel therapeutic
options to control thrombocytopenia are a prime example for the significant progress
that has been made in recent years. According to traditional paradigms, liver cirrhosis
was considered as the epitome of an acquired coagulopathy that in combination with
thrombocytopenia and/or thrombopathy causes hemorrhagic complications. Based on
recent findings, this contention has been revised fundamentally in several aspects.

Firstly, patients with liver failure are also prone to thrombotic events, which may
be even more common than bleeding complications, except for end-stage liver disease.
Secondly, the commensurate decrease in pro- and antihemostatic components can lead
to a rebalanced low-level hemostatic equilibrium. The rebalanced hemostatic system is,
however, labile and can be destabilized by various triggers, which in turn may explain
the occurrence of both bleeding and thrombotic complications. Thirdly, thrombocytopenia
in liver cirrhosis results from multifaceted causes; apart from splenic pooling, decreased
production of TPO plays a major role, as documented by the correlation between TPO
levels and residual hepatic function. Fourthly, defective platelet function as a concomitant
cause of bleeding events in hepatic failure has been overestimated in the past. However,
drug-induced platelet inhibition remains an ongoing concern in this setting. Fifthly, high
levels of plasma von Willebrand factor can restore platelet-vessel wall interaction and
thus rebalance primary hemostasis that may be compromised otherwise in chronic hepatic
disease. Sixthly, rebalanced hemostasis and, all the more, hypercoagulable features in
liver disease have a major impact on the prevention and management of both bleeding
and thrombosis.

This, however, is a challenging demand, which remains difficult to accompl in clinical
practice. Most of routinely available hemostasis screening tests are inconclusive and
without predictive validity in patients with liver disease, and comprehensive hemostasis
profiles have to be restricted in this population to those undergoing high-risk invasive
procedures such as major surgery.

Currently, the platelet threshold required for thrombocytopenic patients, who are
scheduled for higher-risk interventions, is rather “defined” empirically but not based
on study data of appropriate quality. However, recent advances are likely to solve this
issue: the two newly licensed TPO receptor agonists, avatrombopag and lusutrombopag,
were shown to be safe and efficacious at increasing platelet levels and avoiding platelet
transfusions for invasive procedures in patients with thrombocytopenia and chronic liver
disease. It can be expected that both agents will evolve to be the new standard of care for
managing thrombocytopenia in patients with chronic liver disease.
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Abstract: Since the late sixties, therapeutic or prophylactic platelet transfusion has been used to
relieve hemorrhagic complications of patients with, e.g., thrombocytopenia, platelet dysfunction,
and injuries, and is an essential part of the supportive care in high dose chemotherapy. Current
and upcoming advances will significantly affect present standards. We focus on specific issues,
including the comparison of buffy-coat (BPC) and apheresis platelet concentrates (APC); plasma
additive solutions (PAS); further measures for improvement of platelet storage quality; pathogen
inactivation; and cold storage of platelets. The objective of this article is to give insights from current
practice to future development on platelet transfusion, focusing on these selected issues, which have
a potentially major impact on forthcoming guidelines.

Keywords: platelet transfusion guidelines; platelet transfusion alternatives; platelet additive solu-
tions; platelet pathogen inactivation/reduction; cold stored platelet concentrates

1. Introduction

In 1910, William Duke discovered the link between platelet count and bleeding time
of patients as well as cessation of bleeding in association with low platelet numbers after
transfusion of fresh whole blood [1]. However, it took four more decades until selective
platelet transfusion (PT) became available. PT relieved hemorrhagic complications of
thrombocytopenic leukemia patients and hence confirmed the key role of thrombocytopenia
in this context [2,3].

In the following years, PT was increasingly implemented in routine blood transfu-
sion strategies in different clinical settings, either to stop (therapeutic strategy) or prevent
(prophylactic strategy) actual bleeding. PT is consensually accepted for severely thrombo-
cytopenic patients receiving chemotherapy or undergoing surgery or invasive exploration.
However, all situations require different transfusion protocols, and individual decisions
depend on the type of pathology and the patient’s characteristics. Various national specific
societies and/or competent authorities have published guidelines for platelet transfu-
sion [4,5], but international and consensual guidelines are lacking. Therefore, transfusion
protocols often vary from country to country, and—in spite of given national guidelines—
still often also vary from hospital to hospital or even from team to team.

International variation of practice guidelines may in part be due to differences of
platelet concentrates in use. For instance, according to given standards in different countries
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and regions of the world, single units of platelet concentrate (PC) may contain from 2 to
8 × 1011 platelets. Moreover, there are further differences, e.g., in preparation techniques,
additive solutions in use, maximum storage duration, and implementation of pathogen
reduction/inactivation processes. Therefore, it is often difficult to compare published
results and recommendations, as the quantity and quality of platelets in a bag and the
definition of a PC “unit” is not always mentioned and may vary extensively. Finally, as in all
fields of therapy, current and upcoming advances will significantly affect present standards.

The objective of this article is to give insight into and discuss selected issues being
currently debated and/or that have or may have a major impact on future guidelines for
PT. At the end of each of the five sections (apheresis versus pool platelets/platelet storage
media/platelet pathogen inactivation/cool storage and frozen platelets/alternatives to
platelet transfusion), the reader will find a specific summary.

2. Methods

We searched for specific publications in PubMed and MEDLINE. We applied no
restrictions to language and publication date. We performed the last search on 30 September
2020. Per topic, at least two authors screened the obtained references and selected those to
be considered in this manuscript. Results per topic and their discussion are included in the
following specific sections.

3. Results

3.1. Apheresis Versus Pool Platelets

There are three methods of platelet collection for transfusions. Two of them are based
on the donation of whole blood (WB), which is subsequently centrifuged, resulting in
separated blood components according to density. An initial soft-spin centrifugation step
results in a product containing RBCs in the lower part and the platelet rich plasma (PRP)
in the upper part of the collection bag. Using a hard-spin centrifugation step initially,
three layers are obtained: the RBCs, the buffy coat (BC) (mainly leukocytes and platelets),
and the plasma. After pooling the PRP or BC from 4–6 donors of the same AB0 blood
group, a second hard-spin centrifugation of the PRP separates platelets from plasma (PRP-
PC), whereas in the pooled BC a second soft-spin centrifugation separates the majority of
leukocytes and RBCs from platelets. Finally, the gained BC-platelets are re-suspended in
donors’ plasma or in a mixture of additive solution and plasma (BC-PC). The BC-PC are
the preferred pool PC in Europe and Canada, whereas PRP-PC is favoured in the U.S. and
a few other countries [6,7]. The third method for platelet collection is the production of
single-donor platelet concentrates by apheresis (A-PC). During this centrifugation-based
cell separation process, the platelet-layer (including some amount of plasma) is collected,
while the remaining blood constituents are returned to the donor. Storage of PLT in plasma
is common in countries without or with low usage of pathogen reduction technology,
while usage of additive solution is practiced in countries using pathogen-reduced APC
or PPC. In Europe, all PC are leukocyte-depleted prior to storage in order to reduce side
effects [8]. PRP-PC are leukocyte-depleted before or after storage. The usual shelf life of PC
is 5 days and may be extended to 7 days in case of pathogen-inactivated products. There
are countries like the U.S. or Germany, where pathogen inactivation is not yet routinely
applied. The distribution of the different PCs varies in different countries. Kuwait and
the Japanese Red Cross are using exclusively apheresis PCs; in the United States the
distribution of apheresis platelets comprised 91.3% of all platelets in 2017 [9]. In Europe the
distribution of whole blood PCs and apheresis PCs varies between different countries; e.g.,
the U.K. produces about 90% apheresis platelets, whereas countries like Finland, Denmark,
The Netherlands, Croatia, Cyprus, and Israel have focused mainly on the production of
whole-blood derived PCs [10].

According to, e.g., current American guidelines, available comparative studies con-
sider these types of PCs to be clinically equivalent [4]. Thus, in routine circumstances,
they can be used interchangeably. One acknowledged exception is single-donor platelets
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from selected donors, which are necessary for patients requiring HLA (human leukocyte
antigen) compatible and/or HPA (human platelet antigen) compatible platelets, i.e., mainly
those with platelet refractoriness due to HLA and/or HPA antibodies as well as in neonatal
allo-immune thrombocytopenia (NAIT)). Nevertheless, some centres still prefer apheresis
PCs for patients with haematological diseases, e.g., in order to reduce donor exposure. In
many countries, pooled PCs are less costly, which may also have influence in opposite
decision-making. In the following sections, we summarize current evidence for using pool
or single-donor PCs.

There are various differences between apheresis and pool platelets and their potential
significance, including the following:

• Several studies have shown that transfusion of apheresis platelets results in higher cor-
rected count increments (CCIs) in vivo compared to BC- or PRP-PCs [11,12]. However,
a higher CCI may not result in an improved haemostatic effect or bleeding prevention,
as shown also in a different context by Triulzi et al. [13].

• The risk of bacterial contamination of PC may be lowest in A-PC, since the procedure
implies only one donor and one venipuncture, in contrast to pooled PC, where four to
six donors and venipunctures are necessary. However, the estimated contamination
rates of the different platelet products partly overlapped and partly varied widely in
the different studies, depending on the time of sampling and the bacterial detection
method in use [12,14–17].

• Regarding the risk of transmission of viral infections, older studies reported at least a
twofold increased risk for HIV (human immune deficiency virus), HCV (hepatitis C
virus), and HBV (hepatitis B virus) associated with pooled PCs [17], whereas more
recent data from the German National Blood Donor Surveillance System showed an
overall comparable estimated residual risk of transmission for pooled and single-
donor PCs for the years 2006–2012 [18]. The implementation of pathogen inactivation
processes will equalize potential differences and sustainably reduce the rates in mi-
crobial transmission for the different PC products globally in the next decades (see
separate section).

• Rhesus-D alloimmunization resulting from PC transfusion is of particular importance in
female children and female adults of childbearing potential being treated with curative
intent. The volume of contaminating RBCs is lower for A-PC compared to pool PCs.
However, several studies have shown that neither cumulative PLT dose nor repeated
exposure to Rhesus-D-positive platelet concentrates is associated with a higher rate
of anti-D alloimmunization in none of the platelet products [19–23]. Prevention of
RhD alloimmunization resulting from platelet transfusions to RhD-negative recipients
can be achieved either through the exclusive use of platelet products collected from
RhD-negative donors or via anti-D immunoprophylaxis [4].

• Platelets express HLA class I and HPA antigens. In the majority of cases, platelet refrac-
toriness is caused by alloimmunization against HLA antigens; it is less frequently due
to HPA-alloantibodies [24]. However, results of the “Trial to Reduce Alloimmuniza-
tion to Platelets Study Group” did not show differences between leukoreduced pool
PC and A-PC groups according the development of HLA antibodies or allo-immune
platelet refractoriness [25]. The Study group could demonstrate that leukoreduction
is the major factor associated with reduction of HLA alloimmunization after platelet
transfusion and not the product type of platelets or the number of donors that the
patient was exposed to.

• With regard to adverse events after platelet transfusion, several studies investigated
the incidence of transfusion-related acute lung injury (TRALI) after platelet trans-
fusion [26]. There was no evidence of an increased risk of TRALI caused by pool
PCs compared to A-PCs in either of the reports [27,28]. Febrile non-hemolytic trans-
fusion reactions (FNHTRs) are mainly due to the accumulation of leukocyte- and
platelet-derived cytokines during platelet storage and also due to in vivo cytokine
production caused by recipient antibodies to transfused donor’s leukocytes. Several
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studies demonstrate that the rate of FNHTRs is equal for both platelet products (pool
PCs and A-PCs) when the products were leukoreduced [11].

• To investigate how PC characteristics (such as dose, source, and storage duration) influ-
ence the rate of transfusion-related adverse events (including allergic/hypersensitivity
reaction, sinus bradycardia or tachycardia, hypertension, hypotension, dyspnoea, hy-
poxia, wheezing, cough, haemolysis, rigor/chills, fever, and infection), Kaufman
et al. performed a sub-analysis of the before-mentioned study by Triulzi et al. The
type of platelet product (pool PC versus A-PC) did not significantly influence the
risk of adverse events; only the platelet dose was associated with the rate of adverse
reactions [29].

In summary, BC-PC, PRP-PC, and A-PC reveal similar quality, haemostatic benefits,
and adverse event profiles. Hence, they are considered clinically equivalent for most
the patients. However, A-PC from selected donors remains essential when HLA/HPA
compatible platelet transfusions are needed.

3.2. Platelet Storage Media

Historically, platelets were stored in plasma, in order to preserve their hemostatic
and structural integrity during storage [30]. However, transfusion of plasma is always
associated with a significant risk of allergic reactions, circulatory overload, and passive
transfer of anti-A and anti-B-antibodies. In the 1980s, plasma was suspected to contain
harmful enzymes that caused the so-called platelet storage lesion, which triggered the
development of different types of platelet additive solutions (PASs) to replace plasma as the
sole storage medium and reduce costs [31]. Currently used storage media typically contain
50–80% PAS, with a corresponding plasma-remainder of 20–50% [32]. Recent approaches
successfully reduced the latter to 5% [33]. Transfusion of PC in PAS reduced the frequency
of allergic transfusion reactions by nearly 50%. Because it also preserves adequate platelet
increments, PAS has increasingly become the preferred storage medium [34]. Research is
ongoing to define the optimal composition of platelet storage media in order to modulate
the storage quality, facilitating the longest possible shelf life together with a minimal loss
of functionality and effectiveness not inferior to plasma-only stored platelets.

3.2.1. Components of PAS

Platelet additive solutions aim to preserve platelet function over time and to prevent
storage lesions [32]. All types of PAS contain NaCl to preserve osmolality, citrate to prevent
calcium-induced clumping, and in almost all types, acetate to replace glucose as an addi-
tional source of energy for platelets. Acetate reduces synthesis of lactic acid and serves as a
catcher of H+ ions from the environment, thus preventing the detrimental lowering of pH.
Moreover, oxidation of acetate produces bicarbonate, which serves as an efficient buffer,
further preventing a decrease in pH. Although glucose remains crucial for the metabolism
of platelets, it is not added in all types of PAS, since the amount of glucose in the remainder
plasma-fraction of currently used PASs (usually 20–50%) seems to be sufficient. Moreover,
the addition of glucose increasingly provokes its caramelisation during steam sterilization
that occurs as part of the manufacturing process of PASs. However, in the case of less
than 15–20% plasma-fraction, the quantity of glucose becomes progressively insufficient
for sustained preservation of the platelets’ metabolism. The adding of phosphate also
seems to prevent the decrease of pH (buffer) and to stimulate platelet glycolysis to increase
production of lactic acid. Additionally to its effect on coagulation through the chelation
of divalent cations such as calcium and magnesium, citrate may modify potassium efflux
through the platelet membrane. The addition of electrolytes like potassium and magne-
sium to some types of PAS results in improved pH preservation and lowering of platelet
activation markers [30].
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3.2.2. Types of PAS

Present generations of PASs are categorized from A to G (PAS-A to PAS-G) based on
their composition [32]. As an alternative, other names can be used, for instance InterSol for
PAS-C, SSP+ for PAS-E, and Plasma Lyte A for PAS-F. This nomenclature was developed
to define concentrations of citrate, phosphate, acetate, magnesium, potassium, gluconate,
and glucose. Describing all types of PAS is beyond the scope of this study and is summa-
rized in the referenced reviews. Here, we will focus on selected types of PAS and their
most important properties. For PAS-B (containing only citrate and acetate) and PAS-C
(containing citrate, acetate, and phosphate), corrected platelet count increments are lower
as compared to PAS-E (containing citrate, phosphate, acetate, magnesium, and potassium)
but comparable to plasma-only stored platelets. So far, platelet increment data is best for
PAS-E. Studies using the recently developed PAS-F (containing acetate, magnesium, and
potassium as key constituents) showed that platelets might be stored for 13 days with
recovery and survival outcomes being equal or even superior to 7-day-stored platelets in
plasma [35].

To summarise, an ideal storage medium does not exist to-date. There are myriad
advantages and disadvantages of plasma vs. PAS stored platelets. Nevertheless, current
PAS generations may extend shelf life up to 13 days, retaining adequate platelet increment
in the case of PAS-E and recovery and survival data in the case of PAS-F. In addition, there
is a decrease in adverse reactions related to plasma. Further development of PAS types
should aim to assure even better platelet quality and to facilitate pathogen inactivation as
well as cold storage of platelets. Because of preserved quality and efficiency, along with
reduced transfusion-related adverse events as well as costs of PC manufacturing, PASs are
steadily replacing plasma as the storage medium of platelets.

3.3. Pathogen Inactivation of Platelet Concentrates

Safety measures regarding the risk of pathogen transmission are implemented through-
out the complete manufacturing process of blood components for transfusion [36]. This led
to an overall impressive improvement in infectious risks of blood transfusion in the last two
decades. However, in many countries bacterial contamination of platelet concentrates (PCs)
remained as the most prevalent transfusion-associated infectious risk, being responsible
for considerable morbidity and mortality in blood transfusion. The UN National Safety
Network rated the frequency of septic transfusion reactions to one per 41,000 to 116,000 dis-
tributed PC between the years 2010 and 2016, with Staphylococcus and Streptococcus
infections being the most often-detected pathogens [37].

The main reason for this is that, thus far, platelets are mainly stored at room tem-
perature (22 ± 2 ◦C) (RT) to maintain their optimal viability and function. However, this
provides a favorable environment for bacterial growth, with an increasing risk during their
storage. Therefore, the shelf life of RT-PC is currently limited to 3–7 days, depending on
the national specifications, usually stipulated by responsible authorities. The “cold storage”
of platelet products is described in a separate section of this article; it may prolong storage
time up to 21 days (4 ◦C) or even two years (−80 ◦C).

Bacterial detection methods are useful but not sufficiently sensitive because of the ini-
tial low bacterial concentration [38,39]. Furthermore, undetected bacteria may grow during
storage time into health-threatening levels [40]. Therefore, the development of pathogen
reduction technology systems are a major step in transfusion medicine by reducing the
risk of transfusion-transmitted diseases. Currently, three commercial systems (Intercept®,
Cerus, Concord, CA, USA; Mirasol®, Terumo BCT, Lakewood, CO, USA; and Theraflex®,
Macopharma, Tourcoing, France) are approved by several national competent authorities
and available for routine use. Recent in vitro experiments showed pathogen inactivation to
be applicable in cold-stored PC (see separate section) and will probably be soon included
in larger clinical trials [41].

Intercept Blood System (Cerus) (IBS) was the first approved pathogen inactivating
system in clinical use. As described elsewhere, the procedure is based on the addition

289



J. Clin. Med. 2021, 10, 1990

of the psoralen compound amotosalen HCl to the PC suspended in 65% PAS and 35%
plasma, resulting in an amotosalen concentration of 150 μmol/L [42]. The amotosalen
intercalates between the pyrimidine base pairs of nucleic acids. Upon UVA illumination
with an energy of 3 J/cm2 at 320–400 nm wavelength, it forms covalent bonds, preventing
further replication and thus inactivating pathogens as well as residual leukocytes. A
compound absorption device reduces the amotosalen residual content to <2 μmol/L in the
final PC product for transfusion, which can be stored for up to 7 days [42,43]. National
hemovigilance programs from Switzerland, France, and Belgium reported a significantly
lower rate of septic reactions when using IBS pathogen-inactivated platelets between 2005
and 2016 [36].

One of the main and early concerns and topic of many studies was the assumed higher
occurrence of bleeding events in patients transfused with IBS, or more generally, pathogen-
inactivated platelets [44–46]. However, the most recent analyses found no significant
difference between patients receiving pathogen-reduced (IBS and Mirasol) platelets and the
control group, including the occurrence of clinically significant/severe bleedings, all-cause
mortality, and even severe transfusion reactions [47,48]. Comparing IBS platelets with
platelets in PAS and platelets in plasma showed that IBS platelets were non-inferior to
platelets in PAS regarding bleeding events WHO Grade 2 or higher but were inferior to
platelets in plasma [49]. Another meta-analysis investigated the efficacy of IBS platelets in
patients with chronic cytopenia due to bone marrow failure, since this patient collective
is transfusion-dependent and often immunosuppressed. The data described a lower
increment in the thrombocyte count compared to untreated platelets but without a higher
bleeding rate [50]. All data indicated that IBS treated platelets result in a lower platelet
increment. Butler et al. additionally reported a 7% increase of IBS-PC transfusions and
a shorter time interval between transfusions in their systematic review [51]. The already
introduced meta-analysis of Estcourt et al. could reproduce all the results [47].

Trying to explain the reduced platelet increment and slightly higher bleeding rate of
WHO Grade 2 or less, some groups studied IBS treated platelets extensively in vitro, includ-
ing adhesion to collagen and vWF under flow and different proteomics analysis, showing
impairment of platelets physiologic activity through IBS exposition. Treated platelets
seem to have a reduced response to certain agonists (vWF, collagen, thrombin) due to loss
of surface proteins, needed for interaction. IBS treated platelet transfusion in combined
immune-deficient mice revealed a faster platelet degradation. IBS treated platelets have
upregulated apoptosis pathways, which can explain their accelerated degradation [52].

Altogether, IBS reliably reduces infectious risks from platelet transfusion while main-
taining adequate efficacy. Switzerland recently confirmed the above-mentioned study
results by analyzing the data of their mandatory national hemovigilance system [42]. In
2011, it was the worldwide first country switching mandatorily from untreated platelets to-
wards 100% IBS-PC in PAS. Between 2005 and 2011, there were 16 documented transfusion-
transmitted bacterial infections, including three fatalities. Since 2011, there have been no
reported bacterial-transmitted transfusion reactions; additionally, there has been a specific
and overall statistically significant reduction of transfusion reactions. Even though there
was an expected loss of 10–15% of average platelet content per unit, there was no increase
in IBS-PC requirements, no increased bleeding complication, and no ineffectiveness of
transfused IBS-PC reported [42].

In vitro comparison of cryopreserved IBS-PC and control PC showed that IBS-PC
appeared slightly more susceptible to lesion effects by freezing than conventional PC, in
particular in assays on day one after thawing. However, these differences were small in
relation to the dramatic effects of the freezing process itself. Moreover, functional tests,
including coagulometry and rotational thromboelastometry, showed similar results [53].

Mirasol Pathogen reduction technology system (TerumoBCT) (MPR) was FDA ap-
proved in 2007. It uses riboflavin (vitamin B2), which has a very high safety profile and a
narrow spectrum UV light (280–360 nm), to inhibit proliferation of bacteria, viruses, and
white blood cells [54,55]. The principle of action is similar to Psoralen, as Riboflavin interca-
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lates with the DNA/RNA bases and becomes chemically active through UV light. Electron
transfer and the production of singlet oxygen and hydrogen peroxide are the results of
the provoked photochemical reactions, subsequently causing base damage and strand
breaks [56]. There are several UV light spectra described as being successful pathogen inac-
tivators. When analyzing the effectiveness and side-effect profile of narrow and broad UV
light, it seems that narrow light is more suitable for bacterial and viral inactivation, while
preserving platelet qualities and metabolism even though a significant reduction of platelet
counts was observed. Light energy should also be chosen wisely, since increased light
energy effectively inactivates pathogens, while causing a higher degradation of platelets.
Thus, the latter is not recommended [57,58].

One of the main questions regarding MPR technology is its degree of negative impact
on the physiologic hemostatic function of platelets, which may result in increased frequency
of bleedings of WHO Grade 2 or higher. A recent non-inferiority multicenter controlled trial
compared the transfusion of MPR-PC and standard PC in plasma. The primary outcome
parameter was the proportion of transfusion treatment periods in which the patient had
Grade 2 or higher bleeding, as defined by WHO criteria. There was a 3% absolute difference
in Grade 2 or higher bleeding in the intention-to-treat analysis: 51% of the transfusion
treatment periods in the control arm and 54% in the intervention arm, with significance for
non-inferiority (p = 0.012). However, in the per-protocol analysis, the difference in Grade 2
or higher bleeding was 8%: 44% in the control arm and 52% in the intervention arm, with
a failed significance of p = 0.19 for non-inferiority [59]. Therefore, the study indicated a
slightly higher incidence of bleedings of WHO Grade 2 or higher in the MPR-PC group.
MPR-PC had a lower platelet increment than the untreated control group. The transfusion
increment was about 50% lower in the MPR thrombocyte treated group compared to the
control group [58]. Similar biochemical findings are reported for MPR- and IBS-PC. MPR
seems to activate apoptosis pathways, responsible for earlier destruction of platelets [60].

Alloimmunization is one of the main problems for multiple transfused patients, caus-
ing a decreased increment after transfusion and thus higher bleeding risk. The question
thus arises whether pathogen reduced platelets are prone to trigger alloimmunization as
part of the pathomechanisms of lowered platelet increment. A multivariate study analyzed
this question by measuring anti HLA Class I and II antibodies before and after transfusion
of MPR platelets and untreated control platelets. All patients lacked alloantibodies at
randomization. HLA Class I antibodies were detected more often after transfusion of
MPR platelets, while HLA Class II antibodies were detected in both groups with similar
frequencies. HLA Class I antibodies are probably caused by a platelet-mediated indirect
immunization pathway. The differences between groups regarding high-titer Class I anti-
bodies are less pronounced, so that the clinical implications of these findings are reduced
and need further analysis. MPR-PC surely do not protect alloimmunization [61]. Another
study of HLA Class I alloimmunization after transfusion of MRP-PC and control PC in
plasma showed no significant difference between groups [58].

MPR has also been used successfully in cryopreserved platelets. In vitro testing
showed that the platelets had a better hemostatic activity and fewer morphological changes
than the untreated control group and maintained their function. On the other hand, they
seemed to have a higher metabolic activity; further studies are under way [62].

Theraflex UV-Platelet System (MacoPharma) is the most recently introduced pathogen
inactivation technology. It differs from the former two by using ultraviolet C light (UVC)
only, i.e., without the need for a photoactive substance to interfere with the nucleic acids.
UVC interacts directly with nucleic acids, resulting in the dimerization of pyrimidine
bases, thus preventing further replication of the DNA/RNA. Theraflex inactivates bacteria,
viruses, and protozoa replication as well as contaminating white blood cells. Available
studies showed a broad effectiveness, with a bacterial load reduction of 3–7 log [63]. It also
effectively inactivates the majority of coated and non-coated viruses (including HIV) with
≥2 log [64].
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Theraflex was very recently evaluated in a phase III clinical trial (CAPTURE), and
the results were published online in February 2021 [65]. In a randomized, controlled,
double blind, multicenter, non-inferiority trial, the group compared the efficacy and safety
of UVC-treated platelets (UVC-PC) to that of untreated platelets in thrombocytopenic
patients with hematologic-oncologic diseases. The primary objective was to determine the
non-inferiority of UVC-PC, assessed by the 1 h corrected count increment (CCI) in up to
eight per-protocol platelet transfusion episodes. The defined non-inferiority margin of 30%
of UVC-PC was narrowly missed, as the mean differences in 1 h CCI between standard
platelets versus UVC-PC for intention-to-treat and per-protocol analyses were 18.2% (95%
confidence interval [CI]: 6.4%; 30.1%) and 18.7% (95% CI: 6.3%; 31.1%), respectively. More-
over, the UVC group had a 19.2% lower mean 24 h CCI and received about 25% more PC
units, but the average number of days to next platelet transfusion did not differ significantly
between treatment groups. The frequency of low-grade adverse events was slightly higher
in the UVC-PC group, and the frequencies of refractoriness to platelet transfusion, platelet
alloimmunization, severe bleeding events, and red blood cell transfusions were compara-
ble between groups. The study suggests that transfusion of pathogen-reduced platelets
produced with the UVC technology is safe; however, non-inferiority was not demonstrated.

Hepatitis E virus is one of the non-enveloped viruses with increasing incidence in
industrialized countries and may have serious clinical courses with chronic hepatitis and
neurological complications, particularly in immunocompromised patients [66]. Mini pool
nucleic acid amplification testing is currently used in blood manufacturing establishments
for screening, but it can only detect high viremia [67]. IBS was reported to be ineffective to
neutralize hepatitis E virus [68,69]. MPR has been proven effective, showing a reduction of
viral load of 2–3 log [70]. The UVC method was highly effective, since the standard dose
decreased the viral load below the standard of detection [63].

Initial in vitro studies have already showed the effectiveness of this method in cryop-
reserved platelets. Blood group AB0 matched pool PC were treated with Theraflex before
freezing. In vitro analysis after thawing showed that pathogen-inactivated platelets and
untreated controls expressed similar amounts of adhesion molecules, but treated platelets
expressed a higher level of activated GPIIb/IIIa, which may indicate a higher suscepti-
bility to damage during cryopreservation. Nevertheless, the treated platelets showed no
difference to the controls regarding aggregometry, thromboelastography, and thrombin
generation assays [71].

To summarise, there are three pathogen reduction technologies for PC, with two
of them (IBS and MPR) being available in some countries for more than a decade for
routine use. This approach is increasingly becoming the new paradigm in transfusion
safety, as the described technologies are capable of diminishing or neutralizing infectious
threats, including those that are not addressed or may not be detected by standard screening
techniques. In addition, gamma or X-ray irradiation of platelet units for GvHD-prophylaxis
becomes superfluous, because all described technologies already inactivate white blood
cells efficiently.

3.4. Cold and Frozen Storage of Platelet Products

Platelet concentrates are currently mainly stored in gas-permeable bags with increased
surface at 22 ± 2 ◦C (room temperature, RT) and constant agitation. Depending on the
country, the accepted shelf life is limited to 3–7 days, mainly due to bacterial proliferation
risk and progressive metabolic processes. However, even in the case of accepting a shelf
life of 7 days, supply and logistic challenges and problems remain significant. To address
and overcome the obvious limitations, alternative storage methods, including lyophilized
(freeze-drying), cryopreserved (freezing with DMSO at −80 ◦C), and cold-stored platelets
(CSPs), are currently being studied in clinical trials.

Until 1980, platelets (PLTs) were stored at 4 ◦C (“cold stored platelets”). However, this
method was abandoned in light of a study conducted by Murphy et al., demonstrating that
the half-life of cold-stored platelets after transfusion was markedly reduced in blood circula-
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tion (1.3 days compared to 3.9 days of RT stored PLTs) and that they undergo morphological
distortions [72]. The latter are described as cold storage lesions and comprise irreversible
disc-to-sphere transformation, apoptosis, signs of activation with increased expression of
both P-selectin and GPIba, and increased production of thromboxane A2 [73]. This led to
a paradigm shift towards storage of PC at RT. However, because the cold storage lesions
include PLT pre-activation, cold stored PLTs may have a better hemostatic effectiveness
for treating active hemorrhage than RT stored PLTs. Becker et al. demonstrated that CSPs
were not inferior to RT PLTs, showing even greater reduction of bleeding time in healthy
volunteers treated with aspirin [74]. In 2017, the US Food and Drug Administration (FDA)
stated that apheresis PLTs stored at 4 ◦C for up to 72 h could be used for the treatment of
active hemorrhage.

Two recent studies addressed the characteristics of CSPs in more detail. Nair et al.
demonstrated that CSPs form a significantly stiffer and stronger blood clot with more
crosslinks as well as thinner, denser, and straighter fibers compared to RT stored PLTs [75].
Additionally, cold-induced binding of plasma factor XIII to the platelet surface resulted in
enhanced mechanical clot strength by increased crosslinking [74]. The study of Johnson
et al. focused on the biochemical and morphological changes platelets undergo during
cold storage [76]. CSPs had a lower metabolic activity, using ATP mainly for shape changes
from disc to sphere. According to the maintained metabolic reserves and shape-change
capacity, CSPs were at least non-inferior in comparison with RT-PC [75]. Both studies agree
that CSPs are a useful alternative to RT platelets and could be even more effective in a
post-traumatic context, where speed and strength of clot formation has priority. A recent
pilot trial supports the feasibility of platelets stored cold for up to 14 days and provides
critical guidance for future pivotal trials in high-risk cardiothoracic bleeding patients [77].

Cryopreserved Platelets (CPPs) carry minimal bacterial contamination risk and can be
stored at −80 ◦C for several years. Stored as platelet pellets at −15 ◦C, the first application
of CPPs was in pediatric patients with thrombocytopenia and resulted in a moderate
success [78]. After invention of the dimethyl sulfoxide (DMSO) method by Valeri and
colleagues in 1974 [79] and its modifications [80–82], CPPs can be stored at −80 ◦C, re-
sulting in a more standardized and frequent manufacturing of CPPs, particularly used
by military services. Further investigations showed that freezing and thawing affects the
morphology and surface marker expression of CPPs, resulting in a pre-activation state [75].
In several trials in bleeding patients, CPPs revealed equivalent or even slightly improved
hemostatic effectiveness when compared to RT-stored PLTs [41,83–85]. Serious adverse
events, including an increased risk of thrombo-embolism, could not be found. However,
there is an increased release of biological response modifiers in CPPs, which may be a
potential further clinical risk of these products [86]. Combining IBS pathogen inactivation
and cryopreservation did not affect the release of immunomodulatory factors more than
cryopreservation alone [87]. CPPs showed lower posttransfusion increments and reduced
24 h recovery, making them more applicable for resuscitation of active hemorrhage and
less suitable for prophylactic transfusion in thrombocytopenic patients.

In highly alloimmunized thrombocytopenic patients after chemotherapy, autologous
CPPs can serve as an additional source of HLA-compatible units. A Swiss group used
autologous CPPs for thrombocytopenic alloimmunized and PLT-refractory patients under-
going chemotherapy. They reported a significantly higher median 1 h PLT count increment
compared to RT-stored, AB0-matched, but HLA-unselected PCs [88].

The largest and most recent randomized, double blind, multicenter pilot study of
CPPs to date, the CLIP-I trial, investigated the effects of CPPs versus RT stored PLTs in
121 cardiac surgery patients [89]. The trial’s primary endpoint of feasibility was met, and
investigators found neither significant differences between the two patient cohorts in blood
loss or RBC use nor in adverse event rates [86].

In summary, CPPs could be a useful addition for certain patient settings and popu-
lations. Frequent usage in frontline military surgical units and in rural hospitals as well
as “back-up units” in busy urban trauma centers are reasonable scenarios. For HLA-
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alloimmunized patients, autologous and allogeneic CPPs could expand the number and
variety of appropriate PCs.

The production of lyophilized (synonymous: freeze-dried) platelets (LPs) was already
attempted in the 1950s. However, the rehydrated PLT units showed no hemostatic effec-
tiveness [90]. In 1995, Read and colleagues reported an improvement of the lyophilization
procedure by stabilizing the PLTs with paraformaldehyde (pLPs) before freeze-drying [91].
In vitro testing of rehydrated pLPs revealed normal morphology, with adhesive properties
remaining largely intact. Even though activation and aggregation functions are impaired,
they retain the ability to facilitate coagulation [92–94]. In animal studies, the infusion of
pLPs improved bleeding time and showed no difference with respect to transfusion re-
quirements, PLT increment, adverse effects, or survival in comparison to fresh PLTs [88,95].
There is no evidence supporting an increased risk of pro-thrombotic complications after
transfusion of pLPs. In vivo studies showed that pLPs have minimal adhesion to intact en-
dothelium and are rapidly cleared from blood circulation if they are not bound immediately
to the site of injury after transfusion [96,97].

In 2001, Wolkers and colleagues described another procedure, where PLTs were loaded
with trehalose before lyophilization [98]. After rehydration, these PLTs showed a recovery
rate of ca. 80%, and about 40% of the cells showed characteristics of pre-activation [99].
Compared to fresh PLTs, their clot formation time was similar, with an aggregation rate ca.
80% and aggregation speed ca. 40%.

The current LPs have inferior hemostatic properties compared to fresh PLTs, but they
may be an alternative if fresh PLTs are not available, especially in the setting of acute
hemorrhage. Due to their rapid clearance from blood circulation, they are not an alternative
for prophylactic transfusions in thrombocytopenic patients.

In summary, cold and frozen stored platelet products could be an efficient substitute or
at least supplementation of RT-stored PCs. In vitro results demonstrate that their clotting
and hemostatic properties could exceed those of conventional PCs, though sufficient
evidence based on clinical studies in routine use is still pending. It has reasonably been
postulated that the “one size fits all” strategy, where only RT-stored PCs are used for both
prophylaxis and therapeutic needs, may be neither cost effective nor the best choice for
the single patient. The task of switching from “RT PC only” supply to a dual inventory
with CSP and RT PC is obviously huge. However, recent pilot studies have shown the
feasibility of building and maintaining a dual inventory and the efficacy of CSPs in patients
undergoing complex cardiothoracic surgery [76]. The challenge of a dual inventory may be
mitigated by storing platelets at room temperature until they are close to the expiration
date and only then refrigerating them [100].

The data for cryopreserved and lyophilized platelets are currently not sufficient to
suggest a paradigm shift but are extremely promising and interesting, suggesting that
further studies should be done to assess the efficacy and feasibility of these fascinating
blood products.

3.5. Alternatives to Platelet Transfusions

The increasing demand for platelet products, in combination with their limited storage
time, outpaces the availability of donors, resulting in a high economic burden and product
shortage. In addition to the potential transmission of viruses and bacteria, platelet trans-
fusion is associated with potentially life-threatening complications, such as allergic and
febrile reactions. In addition, alloimmunization after repetitive platelet transfusion may
result in platelet refractoriness and hence with increased risk for hemorrhagic complica-
tions for affected patients due to a significantly constricted number of compatible products.
Recent attempts to produce platelets devoid of HLA Class I molecules are promising.
Such an approach would offer a solution to prevent alloimmunization and reduce the risk
of refractoriness [101]. However, this will not provide a solution to meet the increasing
needs of platelet products and hence platelet donors. Therefore, it may be prudent to find
substitutes for platelets products.
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Alternatives to platelet transfusion in clinical use include auxiliary therapeutic strate-
gies to support plasma coagulation. Such strategies are of special value in the treatment of
bleeding complications of thrombocytopenic patients, since clots with low platelet contents
are more prone to lysis. Platelets contain plasminogen activator inhibitor-1 (PAI-1) and
Factor XIII, which inhibit fibrin degradation and stabilize the clot firmness through fibrin
cross-linking, respectively [102].

Thrombopoietin (TPO) mimetics are used off label in a wide range of malignant
diseases with impaired thrombocyte production due to the disease itself and/or the therapy
applied. Their extended indication may be an appropriate approach to avoid or at least
reduce platelet transfusions. For example, there is some evidence for the usage of TPO
agonists in myelodysplastic syndromes. A meta-analysis including 384 patients described
a lower bleeding and transfusion rate in TPO treated patients compared to placebo [103].
However, this treatment is expensive, and some authors assume an increased risk of
thrombosis upon TPO agonist treatment [104]. TPO agonists are most suitable to increase
platelet count in the long term (i.e., days to weeks). Hence, they are not appropriate for the
treatment of acute bleedings in thrombocytopenic patients.

Research activities focusing on alternatives to platelet transfusion have shifted into
the foreground in the last decades. They attempt to find an effective “off the shelf” product,
with optimal storage properties, that can mimic the biochemical platelet mechanisms (ad-
hesion, aggregation, and coagulation) even after prolonged storage, but with no need for
blood group typing and a reduced risk of side effects. In 1992, an autologous, semiartificial
alternative to platelet transfusion, called “Thromboerythrocytes”, was reported. Peptide se-
quences containing the specific recognition sequence, containing arginine-glycine-aspartic
acid (RGD) as found in the extracellular matrix and in fibrinogen, were cross-linked to
amino groups on erythrocytes. The coupled RGD sequences revealed interaction with the
GPIIb/IIIa receptor in fluid phase as well as binding to activated platelets adherent to
collagen. The authors reported of their in vitro studies, indicating that 50 mL of processed
thromboerythrocytes may be equivalent to at least two PC units [105]. Although a very
attractive concept, thromboerythrocytes have not found their way into the clinic thus far. A
comparable approach by means of membrane modification, called “Plateletsomes”, was
successfully used in rat experiments. In this case, platelet membrane fractions, including
relevant platelet-receptors such as GPIb, GPIIb-IIIa, and GPIV/III, were extracted from
platelets and incorporated into liposome membranes. These plateletsomes reduced tail
bleeding in thrombocytopenic rats by 67% [106].

Given the fact that even small membrane fragments seem to have comparable hemo-
static qualities to intact platelets, Cypress Bioscience Incorporated (San Diego, CA, USA) de-
veloped concentrates of platelet fragments of non-viable platelets, called Infusible Platelet
Membranes (IPMs). First, fresh, or even expired platelet concentrates are centrifuged and
washed to remove plasma and contaminating white and red blood cells. Subsequently,
they are pasteurized to reduce bacterial contamination. Finally, their sonication yields
spherical vesicles. When stored at 4 ◦C, the IPM product is stable over two years. In
healthy volunteers, IPM did not alter coagulation parameters, was tolerated well, and
importantly did not show any immunogenicity. Indeed, administration of IPM resulted
in an improvement or cessation of bleeding in thrombocytopenic patients with moderate
bleeding. Interestingly, a patient refractory to platelet transfusion, who did not respond
to IPM, showed a platelet increment after consecutive platelet transfusions. There has
been no phase III clinical trial for this product and no FDA approval due to difficulties
in demonstrating its efficacy [107,108]. The lack of provable efficacy in patients has been
attributed to its lack of GPIIb/IIIa epitopes in IPM preparations.

An attempt to improve the IPM idea resulted in “Thrombosomes”, entire membranes
extracted from outdated platelets. However, in contrast to IPM, thrombosomes express
platelet surface receptors, including GPIb, GPIIb/IIIa, and Annexin V. They efficiently
adhere to collagen exposed in the subendothelial matrix, activate the tenase complex,
and form a stable clot. In animal models for bleeding, thrombosomes reduced blood loss
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by 80% [109]. Thrombosomes are currently evaluated in clinical trials. One of the main
technical challenges so far is the significant loss of relevant platelet glycoprotein receptors
and hence functionality during thrombocyte membrane processing.

Another possible alternative to thrombocytes are liposomes, containing ADP and
synthetic fibrinogen derived γ-chain inclosing a dodecapeptide motif. The liposomes
accumulate at the intravascular lesion site and interact with platelets by binding of the
fibrinogen γ-chain dodecapeptide sequence to GPIIb/IIIa and inducing the release of
stored ADP, thereby further promoting platelet aggregation [110]. The efficacy of this
synthetic platelet replacement has been demonstrated in thrombocytopenic rabbits: 60%
of the animals were rescued after a potentially fatal liver hemorrhage. Treating thrombo-
cytopenic rabbits before the induction of the liver hemorrhage showed a 100% survival
rate. Importantly, no thromboembolic complications occurred [111,112]. Furthermore, in
a bleeding model in rats, the liposomes accumulated at the venous lesion of the tails of
thrombocytopenic rats, leading to reduced bleeding [107]. Pharmacokinetic studies in rats
showed a predominant localization of the synthetic liposomes in the liver and spleen after
24 h, and after 7 days there was a complete clearance from all organs [113].

SynthoPlate are synthetic platelet nanoconstructs that integrate, in a heteromultivalent
approach, the adhesion and aggregation process of platelets. SynthoPlate consists of a
biocompatible liposomal membrane with, on one hand, von Willebrand Factor-binding
peptide and collagen-binding peptide to mimic platelet adhesion, and on the other hand,
GPIIb/IIIa to mimic platelet aggregation. The efficacy of SynthoPlate was demonstrated in
a mouse model for liver injury and in a trauma model in pigs. SynthoPlate reduced blood
loss, stabilized blood pressure, and improved survival [114,115].

A comparable approach finally resulted in the idea of completely synthetic “platelets”
made from polymers incorporating both platelet properties—adhesion and aggregation.
The nanospheres are composed of PLGA-PLL nanoparticles (poly(lactic-co-glycolicacid)-
poly-L-lysine), conjugated to polyethylene glycol (PEG) and surface-bound fibrinogen-
derived RGD peptides, with additional flanking amino acids to enhance adhesion. By
binding through specific integrins like GPIIb/IIIa, activated platelets bind to RGD se-
quences [116]. In vitro assays show a high specificity of binding of the synthetic platelets to
inactivated physiologic platelets, which might be an indicator for a low risk of thrombotic
complications in vivo. In a traumatic bleeding model in rats, the administration of synthetic
platelets before injury was proven approximately 25% more effective than recombinant
Factor VIIa, which is currently used in uncontrolled hemorrhage [117,118]. The same kind
of synthetic platelets improved survival in a mouse model with blast trauma [119].

HAPPI, an injectable hemostatic agent via polymer peptide interfusion, is one of the
most recent developments. It is a polymer-based hemostatic agent that binds selectively to
activated platelets and promotes their accumulation at the injury site. HAPPI consists of a
hyaluronic acid backbone conjugated with a collagen-binding peptide and a von Willebrand
factor-binding peptide. It is designed to bind to vWF and collagen on activated platelets,
thus recruiting and activating additional platelets. Through lyophilization, HAPPI is stable
at room temperature for several months. Administration of HAPPI in a thrombocytopenic
mouse model with tail-vein laceration significantly reduced bleeding time and blood loss
as compared to untreated mice. In rats with traumatic hemorrhage due to inferior vena
cava rupture, HAPPI showed an almost threefold improvement in survival compared to
those treated with saline [120].

A future-oriented strategy to reduce the shortness of platelet products is to propa-
gate the in vitro production of thrombocytes through forward programming of human
pluripotent stem cells to megakaryocytes using exogenously expressed transcription factors
GATA1, LFI1, and TAL1. This approach is highly efficient, with a yield of up to 2 × 105

megakaryocytes per activated human pluripotent stem cell. This technique could yield
sufficient HLA-matched platelets to cover the needs for platelets [121]. The limitations of
the technique are the high production costs and scarce availability of human embryonic
stem cells [122,123].
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In summary, current and upcoming advances will significantly affect present stan-
dards. In particular, B-PC and A-PC are considered clinically equivalent, revealing similar
quality, effectiveness, and adverse event profiles. However, A-PC from selected donors
remains essential when HLA/HPA compatibility of PC is needed. Current PAS generations
may extend the shelf life of PC up 13 to days while retaining adequate platelet increment as
well as platelet recovery and survival and decreasing adverse reactions. Because manufac-
turing costs are reduced simultaneously, PASs are steadily replacing plasma as the storage
medium of platelets. There are three pathogen reduction technologies for PC, with two
of them being available in some countries for routine use for many years. This approach
is increasingly becoming the new paradigm in transfusion safety, because it safeguards
against the majority of the remaining associated infectious threats and makes X-ray/gamma
irradiation of PC (for prevention of GvHD) superfluous. Cold stored platelet products
could be an efficient substitute or at least supplementation of PCs stored at 22 ± 2 ◦C.
The in vitro hemostatic properties of these products may exceed those of the conventional
PCs, at least in the therapeutic setting, i.e., the bleeding patients. Recent pilot studies
have shown the feasibility of building and maintaining a dual inventory and the efficacy
of the cold stored platelets in patients undergoing complex cardiothoracic surgery, but
sufficient evidence based on clinical studies in routine use is still pending. The data about
cryopreserved and lyophilized platelets are extremely promising, but further studies have
to assess the efficacy and feasibility of these fascinating blood products. Several promising
approaches are underway to find safe and effective alternatives to platelet transfusions,
including auxiliary therapeutic strategies to support plasma coagulation, thrombopoi-
etin mimetics, “Thromboerythrocytes”, “Plateletsomes”, “Infusible Platelet Membranes”,
“Thrombosomes”, liposomal constructs, SynthoPlate® (Haima Therapeutics, Cleveland,
OH, USA) completely synthetic “platelets”, HAPPI (hemostatic agent via polymer peptide
interfusion), and in vitro production of thrombocytes.

Altogether, several promising approaches are underway to find safe and effective im-
provements and/or alternatives to platelet transfusions. The reviewed issues are expected
to have a major impact on current practices of platelet transfusion as soon as their efficacy
and safety are revealed in current and upcoming clinical studies.
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