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ABSTRACT

Hematopoietic stem cell transplantation-asso-
ciated thrombotic microangiopathy (HSCT-
TMA) is a common complication occurring
post-HSCT and is associated with substantial
morbidity and mortality if not promptly iden-
tified and treated. Emerging evidence suggests a
central role for the complement system in the
pathogenesis of HSCT-TMA. The complement
system has also been shown to interact with
other pathways and processes including coagu-
lation and inflammation, all of which are acti-
vated following HSCT. Three endothelial cell-
damaging ‘‘hits’’ are required for HSCT-TMA
genesis: a genetic predisposition or existing

damage, an endothelial cell-damaging condi-
tioning regimen, and additional damaging
insults. Numerous risk factors for the develop-
ment of HSCT-TMA have been identified (in-
cluding primary diagnosis, graft type, and
conditioning regimen) and validated lists of
relatively simple diagnostic signs and symptoms
exist, many utilizing routine clinical and labo-
ratory assessments. Despite the relative ease
with which HSCT-TMA can be screened for, it is
often overlooked or masked by other common
post-transplant conditions. Recent evidence
that patients with HSCT-TMA may also con-
currently present with these differential diag-
noses only serve to further confound its
identification and treatment. HSCT-TMA may
be treated, or even prevented, by removing or
ameliorating triggering ‘‘hits’’, and recent stud-
ies have also shown substantial utility of com-
plement-targeted therapies in this patient
population. Further investigation into optimal
management and treatment strategies is nee-
ded. Greater awareness of TMA post-HSCT is
urgently needed to improve patient outcomes;
the objective of this article is to clarify current
understanding, explain underlying comple-
ment biology and provide simple tools to aid
the early recognition, management, and moni-
toring of HSCT-TMA.

Supplementary Information The online version
contains supplementary material available at https://
doi.org/10.1007/s12325-022-02184-4.

S. Meri
Department of Bacteriology and Immunology,
University of Helsinki, Helsinki, Finland

D. Bunjes
Department of Internal Medicine III, University of
Ulm, Ulm, Germany

R. Cofiell
Alexion, AstraZeneca Rare Disease, Boston, MA, USA

S. Jodele (&)
Division of Bone Marrow Transplantation and
Immune Deficiency, Cincinnati Children’s Hospital
Medical Center, Cincinnati, OH, USA
e-mail: sonata.jodele@cchmc.org

Adv Ther (2022) 39:3896–3915

https://doi.org/10.1007/s12325-022-02184-4

https://doi.org/10.1007/s12325-022-02184-4
https://doi.org/10.1007/s12325-022-02184-4
https://doi.org/10.1007/s12325-022-02184-4
https://doi.org/10.1007/s12325-022-02184-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s12325-022-02184-4&amp;domain=pdf
https://doi.org/10.1007/s12325-022-02184-4


Keywords: Hematopoietic stem cell
transplantation; Thrombotic microangiopathy;
Complement; HSCT-TMA

Key Summary Points

Thrombotic microangiopathy (TMA) is a
common complication occurring post-
hematopoietic stem cell transplantation
(HSCT). It causes microvascular
thrombosis, leading to
thrombocytopenia, ischemic tissue
damage, and microangiopathic hemolytic
anemia

HSCT-TMA is an under-recognized
condition associated with substantial
morbidity and mortality, with greater
awareness of the condition required to
improve outcomes

The complement system appears to play a
key role in the pathogenesis of TMA
following HSCT

Key panels of risk factors and simple
diagnostic and monitoring criteria exist to
help identify, diagnose, and monitor
patients with HSCT-TMA, and are
summarized in this manuscript

Prompt management of HSCT-TMA is
associated with improved outcomes and
complement-targeted therapies also show
utility in this population, although
further randomized clinical trials and
research into long-term outcomes are
needed

DIGITAL FEATURES

This article is published with digital features,
including a video and infographic, to facilitate
understanding of the article. To view digital
features for this article go to https://doi.org/10.
6084/m9.figshare.19723117.

INTRODUCTION

Thrombotic microangiopathy (TMA) is defined
as a histopathologic lesion associated with
endothelial damage and dysfunction, which
leads to thrombosis of venules and arterioles
[1–3]. This type of microvascular thrombosis
can result in thrombocytopenia, ischemic tis-
sue/organ damage, and microangiopathic
hemolytic anemia (MAHA). The term TMA has
been used to describe various conditions pre-
senting as this triad [1–3]. Historically, throm-
botic thrombocytopenic purpura (TTP) and the
various forms of hemolytic uremic syndrome
(HUS)—such as Shiga toxin-producing Escher-
ichia coli-associated HUS (STEC-HUS) and atyp-
ical HUS (aHUS)—have perhaps been the best
studied and defined forms of TMA, with the
clearest etiologies [1, 4].

Historically, many forms of TMA with
unknown or unclear etiology or pathophysiol-
ogy have been classified as forms of aHUS [5].
More recently, the utility of the term ‘‘aHUS’’
has been questioned as other forms of TMA
have begun to be recognized clinically. These
include chemotherapy-induced TMA, malig-
nancy-induced TMA, and TMA identified fol-
lowing hematopoietic stem cell transplantation
(HSCT-TMA) [1, 6–8]. HSCT-TMA appears—at
least in part—to belong to the group of com-
plement-mediated TMAs (CM-TMA), as there is
emerging evidence of complement involvement
in this condition [8–10]. However, the extent of
complement involvement in CM-TMAs (direct
vs. indirect), importance of triggering events,
and involvement of specific pathways are cur-
rently unclear.

Recent studies, including a pragmatic, multi-
institutional study, have suggested that HSCT-
TMA affects around 10–20% of patients follow-
ing transplantation. This makes it a relatively
common post-transplant complication, with
some variance seen depending upon factors
such as the type of transplantation (e.g., allo-
genic vs. autologous), type of conditioning
regimen (e.g., high-dose vs. non-myeloabla-
tive), and underlying primary diagnosis [11, 12].
Potential triggers of complement activation
and/or endothelial damage following an HSCT
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procedure include (among others) the condi-
tioning regimen used, post-transplant compli-
cations such as graft versus host disease (GvHD),
the type of transplant (e.g., mismatched donor
transplants), and viral infections (e.g., BK virus)
[8, 13]. Importantly, the mortality rate in
patients with HSCT-TMA is extremely high, and
patients who do survive are at a great risk of
severe organ damage [11, 14–16]. Yet, despite
advances in our understanding of the risks
posed by HSCT-TMA, questions remain around
diagnostic methodologies, risk factors, differ-
ences in presentation between pediatric and
adult patients, possible treatment choices, and
monitoring criteria.

The aims of this review article are to:

• provide a background on the complement
system, including its physiologic functions/
interactions and its pathophysiologic roles,
with a focus on HSCT-TMA

• explore the clinical presentation of HSCT-
TMA

• provide clinicians with a practical approach
to recognizing and monitoring patients at
risk of/with HSCT-TMA

• highlight and discuss current misunder-
standings and unknowns in the field.

As this is a review article, it is based on pre-
viously conducted studies and does not contain
any new studies with human participants or
animals performed by any of the authors.

THE COMPLEMENT SYSTEM

What Is the Complement System
and What Is Its Physiologic Role?

The complement cascade is a facet of the innate
immune system composed of both plasma- and
membrane-bound proteins [17, 18]. It is
involved in processes including maintenance of
homeostasis via opsonization of apoptotic/
necrotic cells, clearance of foreign cells through
cytolysis, and induction of inflammation
[17, 18]. Alongside these key roles, the com-
plement system interacts with many other
physiologic pathways and processes, such as the
coagulation cascade, the kinin system, the

Monitoring – in all pa�ents

Pre-transplant risk Iden�fying pa�ents at risk

• Pre-exis�ng endothelial damage/injury

• Gene�c predisposi�on 

• Black race

• Condi�oning regimen type

• ABO incompa�bility

• HLA mismatch donor

• Primary immunodeficiency diagnosis (children)

Can be assessed by:
- EASIX (in adults only)
- ST2
- sC5b-9

If recipient DNA is 
available; rou�ne 
gene�c screening 
remains challenging

Post-transplant risk

Risk factors immediately a�er transplant

• Prophylac�c use of CNIs and mTORIs – modifica�on of 
CNI regimens requires detailed benefit/risk assessment

• Presence of GvHD 

• Infec�on (aspergillus, cytomegalovirus, adenovirus, 
parvovirus B19, human herpes virus-6, and BK virus)

Closely consider and monitor for HSCT-TMA in these pa�ents

TMA diagnosis

CBC

Daily

LDH

Twice weekly

Urinalysis

Weekly

BP assessment

Regularly

Clinical suspicion should be elevated in conjunc�on with increased transfusion requirements before engra�ment

Organ-specific TMA signs and symptoms

Renal GI CNS Cardio-pulmonary

• Proteinuria
• Hypertension
• Acute or chronic 

kidney injury

• Severe abdominal 
pain

• Intes�nal bleeding
• Diarrhoea
• Vomi�ng 
• Ascites 

• Headache
• Seizures
• Confusion
• Hallucina�ons
• PRES

• Hypoxemia
• Pulmonary 

hypertension
• Pleural effusion
• Pericardial effusion, 

especially refractory 
to diure�c/steroid 
therapy

• Random urine 
protein/crea�nine

• Urine and blood PCR 
for BK virus

• Liver ultrasound
• Coagula�on studies
• Liver blood tests 
• Amylase, lipase
• Viral serologies
• Consider stool 

culture for STEC
• Consider bowel 

�ssue biopsy for 
GVHD and TMA 
assessment

• Brain MRI
• Viral serologies
• Nutri�onal 

evalua�on including 
thiamine

• Chest imaging
• Echocardiogram
• Bronchoscopy
• Pulmonary func�on 

tes�ng
• ECG, troponin

Signs & 
Symptoms

Diagnos�c 
& Screening 
Tests

Differen�al diagnoses

*Drug toxici�es includes adverse reac�ons to drugs commonly used in the management/post-treatment care of pa�ents who 
have undergone transplanta�on; examples include an�bio�cs and immunosuppressants

Earlier signs

Elevated LDH

Hypertension

Proteinuria

= high-risk markers

De novo thrombocytopenia 

De novo anaemia 

Schistocytes on peripheral blood smear 

sC5b-9 >ULN

If elevated, check 
free plasma 
hemoglobin and 
haptoglobin levels 
to confirm 
haemolysis

Urine protein ≥30 mg/dL or urine 
protein:crea�nine ra�o (UPCR) ≥1 
mg/mg; UPCR ≥2 mg/mg denotes 
severe nephro�c kidney damage

<18 years of age: BP at 95th 
percen�le for age, sex and height
≥18 years of age: BP ≥140/90 
mmHg

Platelet count <50 x 109 /L, OR 
≥50% decrease in platelet count, 
OR unexplained increase in 
transfusion support requirements

Hemoglobin 
<LLN for age or 
requiring 
transfusion 
support Schistocytes might be absent due 

to high vascular permeability a�er 
HSCT and RBC extravasa�on into 
�ssues

Later signs

Diagnosis: Biopsy confirma�on OR ≥4 out of 7 markers of HSCT-TMA

Change in hypertension management

BP, blood pressure; CBC, complete blood count; CNI, calcineurin inhibitor; CNS, central nervous system; CV, cardiovascular; EASIX, Endothelial Ac�va�on and 
Stress Index; ECG, electrocardiogram; GI, gastrointes�nal; GvHD, gra� versus host disease; HLA, human leukocyte an�gen; HSCT, hematopoie�c stem cell 
transplant; INR, interna�onal normalized ra�o; LDH, lactate dehydrogenase; LLN, lower limit of normal; mmHg, millimetres of mercury; MRI, magne�c 
resonance imaging; mTORi, mammalian target of rapamycin inhibitor; PCR, polymerase chain reac�on; PRES, posterior reversible encephalopathy syndrome; 
PT, prothrombin �me; pTT, par�al thromboplas�n �me;  RBC, red blood cell; sC5b-9, soluble C5b-9; ST2, suppression of tumorigenicity 2; STEC, Shiga toxin 
Escherichia coli; TMA, thrombo�c microangiopathy; ULN, upper limit of normal; UPCR, urine protein crea�nine ra�o. 
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Parameter HSCT-TMA SOS/VOD GvHD Drug toxicity* DIC
New onset kidney 
injury

Very Common (primary due 
to vascular injury)

Common 
(secondary to 
fluid overload)

Rare Common Common (secondary 
due to hypotension 
or shock)

New onset MAHA Very Common Rare Rare Uncommon Common
Rapidly progressing 
thrombocytopenia

Very Common
(destruc�on/consump�on 
due to microangiopathy)

Common 
(due to platelet 
consump�on)

Common Drug dependent Very Common

Hypertension Very Common Rare (typically 
hypotension)

Uncommon (Drug 
related)

Drug dependent Rare (typically 
hypotension)

Seizures/PRES/CNS 
involvement

Common Uncommon 
(encephalopathy 
with liver failure)

Uncommon (no CNS 
GVHD)

Drug dependent Uncommon

Icterus Rare Very Common Common with liver 
GVHD

Uncommon (Drug 
dependent)

Uncommon

Liver Common (transaminase 
eleva�on or indirect 
bilirubin) 

Very common 
(elevated direct 
bilirubin)

Very Common 
(secretory diarrhea) 

Common Uncommon

Bowel Common (injury and 
bleeding)

Uncommon Very Common Uncommon Uncommon

Skin rash/purpura Common
(advanced cases)

Rare Very Common Very Common Common

Elevated pTT/PT/INR Rare Very Common Rare Rare Very Common
CV/lung involvement Common 

(as primary vascular injury)
Common
(secondary due 
to fluid overload)

Common
(in cGVHD e.g., 
bronchioli�s 
obliterans)

Uncommon Common

Fig. 1 Diagnostic Algorithm Infographic

3898 Adv Ther (2022) 39:3896–3915



adaptive immune system, and inflammation
[17, 19–22]. There are three distinct pathways
involved in initiation of the complement sys-
tem: the classical pathway (CP); the lectin
pathway (LP); and the alternative pathway (AP).
All initiator pathways culminate in activation of
the terminal complement pathway (TP) and
formation of C5b-9, also known as the mem-
brane attack complex (MAC) [17, 18]. The video
associated with this manuscript provides a
detailed overview of the full complement cas-
cade, including activation signals, key regula-
tors, end effectors, and key physiologic and
pathologic interactions.

Video: The role of complement in HSCT-TMA: basic
science to clinical practice- A Video (MP4 458780 KB)

Importantly, a key feature of the AP is the
amplification loop. C3 cleavage via all comple-
ment pathways results in increased assembly of
the AP C3 convertase, C3bBb, which can further
activate nearby C3 molecules, leading to a
rapid, exponential amplification of comple-
ment activation [17, 18]. Amplification occurs
by default on surfaces that cannot prevent
complement activation but can also occur in
certain pathologi conditions, where excessive
activation overwhelms regulatory capacity. The
AP amplification loop is reportedly a core pro-
cess following initiation by both the CP and LP
as well as by the AP [23, 24]. Additionally, this
exponential amplification leads to rapid gener-
ation of the anaphylatoxins C3a and C5a,
resulting in induction of inflammation (in-
cluding inducing inflammatory cytokine pro-
duction via endothelial cells), immune cell
infiltration and activation, and interactions
with the coagulation cascade [25].

As well as its role in infection control, there
is strong evidence for a role of complement in
adaptive immunity alongside its innate immu-
nity functions, with complement components
seemingly able to tag and deliver antigens to
dendritic cells, macrophages, and B cells for
processing and presentation to T cells [26].
Despite key physiologic roles in tissue home-
ostasis and clearance of unwanted cells/materi-
als, the complement system has also been
implicated as the driving force behind numer-
ous pathologic conditions. For example, in
aHUS, acquired or inherited dysregulation of

the AP results in direct activation and damage
of endothelial cells, resulting in the exposure of
pro-thrombotic structures and subsequent
thrombosis and hemolysis [17, 18, 27, 28].

Complement, Coagulation,
and Inflammation

Outside of its direct roles in homeostasis and
immunity, key interactions between the com-
plement system and other physiologic systems
and processes, such as the coagulation cascade
and inflammation, have been demonstrated to
occur at many different levels [17, 19, 20].
While the complement and coagulation sys-
tems are generally viewed as completely distinct
cascades, there is significant evidence to
demonstrate cross talk between them, though
an in-depth discussion on this is beyond the
scope of this publication and the topic has been
reviewed elsewhere [29–34]. However, an
important point to note is that complement can
promote the induction of a procoagulant state
in both blood and endothelial cells. C3a and
C5b-9 can activate platelets—which in turn can
induce complement activation—forming a
potent amplification loop [32, 35, 36]. Addi-
tionally, C5a has been shown to mediate inter-
actions between complement, coagulation, and
immunity, upregulating tissue factor expression
on a variety of cells, including monocytes,
neutrophils, and endothelial cells [29–31]. Pro-
coagulant enzymes, such as thrombin and fac-
tor Xa, have been shown to cleave components
of the AP in vitro, while the substrate specificity
of MASP1 is reportedly like that of thrombin;
MASP1 may also be capable of catalyzing fibrin
cross-linking [30, 33, 34]. However, some of the
non-canonical enzymatic interactions are
reportedly less efficient than the prototypical
enzyme–substrate interactions, and the lack of
specific animal models of TMA further con-
founds assessment of their relevance in HSCT-
TMA. Further investigations, particularly in the
clinical setting, are required to understand their
clinical relevance and importance in vivo
[19, 29, 30, 37, 38].

Unlike the well-established evidence for
complement–coagulation interactions,
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evidence for cross talk between complement
and inflammation is still emerging [32, 39].
Studies suggest that complement may play a key
role in activating neutrophils, enhancing the
release of neutrophil extracellular traps (NETs)
in a process known as NETosis [40–42]. NETs
may also serve as a scaffold for thrombin gen-
eration and AP activation [42]. Further evidence
suggests that complement may interact directly
with a range of other inflammatory cells such as
monocytes and macrophages.

In vitro studies have suggested that stimula-
tion of human endothelial cell lines via tumor
necrosis factor a and/or interleukin-1b results in
reduced expression of thrombomodulin and
increased production of C3 and factor B [43]. In
contexts such as pre-existing AP dysregulation
or excessive inflammation, these responses may
contribute to the development of TMA in vivo.
Specifically, in the context of HSCT-TMA,
strong inflammatory responses are often seen in
response to infections or the development of
GvHD, providing an environment conducive to
TMA development [8, 44].

Complement and HSCT-TMA Pathogenesis

Following HSCT procedures, patients often
experience infections, challenges to the coagu-
lation system, and pro-inflammatory stimuli, all
of which may influence the complement sys-
tem, induce endothelial damage, and—if left
unchecked—contribute to the generation of
TMA [44–46]. Importantly, in patients with
HSCT-TMA, there is a requirement for three
different TMA-promoting stimuli to occur to
trigger disease; this is known at the ‘‘three hits
hypothesis’’ [8, 13]. These three triggering
stimuli include the presence of a pre-existing
genetic disposition or endothelial injury (hit
one), followed by two TMA-promoting factors,
an endothelial-damaging conditioning regimen
(hit two) and additional endothelial damaging
insults (hit three) [8, 13]. While patients with
HSCT-TMA may often present with comple-
ment dysregulation, akin to patients with other
CM-TMAs, such as aHUS, subsequent vascular
endothelial damage typically results from
insults such as immunosuppressive drugs (i.e.,

calcineurin or mammalian target of rapamycin
[mTOR] inhibitors), viral infections, human
leukocyte antigen (HLA) mismatching, and
GvHD [8, 11, 13, 14, 47]. While many patients
undergoing HSCT will experience hits two and/
or three, these only seem able to trigger TMA in
patients who also have hit one.

At present, the direct evidence for a central
pathogenic role of complement activation in
HSCT-TMA remains relatively limited. However,
data from some of the largest studies systemat-
ically analyzing complement activation to date
suggest that approximately 60–80% of patients
show evidence of systemic terminal pathway
activation (Gantner et al. personal communi-
cation, 2022) [48]. In a smaller number of
patients with no evidence of systemic comple-
ment activation, localized complement activa-
tion can be demonstrated by immunohistology
in organ biopsies [47]. Further, recent studies
assessing the genetic profiles of patients with
HSCT-TMA have identified many variants in
key components of the complement pathway,
particularly in genes coding for AP components
[9, 49]. This may be particularly important
because of the central role that the AP plays in
amplifying complement activation, as discussed
above. Some evidence, albeit mostly from pre-
clinical in vitro or animal sources, also exists to
suggest that the CP and LP may be involved in
the development of HSCT-TMA [50, 51]. The
applicability of these findings to HSCT-TMA in
humans is currently unclear, however
[50, 52–60].

Many patients with HSCT-TMA harbor
pathogenic genetic variants (65% of HSCT
recipients with TMA vs. 9% of patients without
TMA) [9]. However, it is important to note that
the genetic fingerprint of susceptibility in
patients with HSCT-TMA is extremely complex,
with multiple variants often combining to
contribute to pathogenesis. Genetic variants in
HSCT-TMA also do not appear limited to com-
plement components; indeed, some patients
with HSCT-TMA have also presented with vari-
ants in genes associated with other forms of
TMA, such as ADAMTS13, or in components of
the coagulation cascade. Therefore, in the
absence of standardized genetic screening pan-
els and interpretation guidance, genetic results
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should be interpreted cautiously, and the roles
of either pre-existing or emerging autoantibod-
ies against individual complement components
in HSCT-TMA merit further studies.

Lastly, despite discussions around their rela-
tive contributions, the concurrent involvement
of all three complement pathways may distin-
guish HSCT-TMA from other forms of CM-TMA.
Other typical causes of CM-TMA mainly appear
to involve uncontrolled or misdirected AP
attack [9, 51, 61–63]. Further, the magnitude of
systemic complement activation and inflam-
mation may be useful for identifying HSCT-
TMA. For example, patients presenting with
HSCT-TMA have much higher levels of soluble
C5b-9 (sC5b-9) compared to patients with other
forms of TMA [9, 63]. Coupled with the multi-
pathway involvement, this has been suggested
as an underlying rationale for the high propor-
tion of multi-system involvement and severe
disease observed in patients with HSCT-TMA
[9, 63].

HSCT-TMA: DIAGNOSIS

What Are the Risk Factors
for the Development of HSCT-TMA?

Patients who present with TMA following HSCT
are at a much greater risk of severe organ dam-
age and/or death than patients who have
received a transplant but did not develop TMA
[11, 64]. Despite this, if patients at risk are
identified early enough, and appropriate thera-
peutic strategies are implemented, the progno-
sis of patients with HSCT-TMA improves
dramatically [14]. Several studies have been
conducted to identify potential risk factors that
predispose patients to developing HSCT-TMA
following transplantation, including a prag-
matic, multi-institutional study by Dandoy
et al. [11]. An easily referenceable list of key risk
factors is summarized in the diagnostic algo-
rithm presented in the infographic of this
review (Fig. 1). Further lists of risk factors vali-
dated in pediatric patients stratified by inher-
ent/non-modifiable, transplant-associated and
post-transplant events can also be found in the
review by Dvorak et al. [13]. These risk factors

are relatively intuitive, with the majority clearly
associated with damage to endothelial cells.

HSCT-TMA: How Can it Be Identified?

The most important consideration for opti-
mized outcomes in patients with HSCT-TMA is
early identification. Since a large proportion of
patients undergoing HSCT experience TMA,
and given that laboratory testing is inexpensive
and widely available, prospective screening at
all transplant centers is essential to improving
patient outcomes [11]. Further, when HSCT-
TMA is suspected, or in patients presenting with
risk factors, there are several key signs and
symptoms that should be considered and
assessed [8, 10]. These are also summarized in
the diagnostic algorithm presented in the info-
graphic. This algorithm, generated using pub-
lished literature and the authors’ clinical
experiences, is easy to refer to and contains pre-
and post-transplant risk factors for development
of TMA, key monitoring tests and timings, a
diagnostic panel based on that published by
Jodele et al. in 2015, and organ-specific signs
and symptoms of HSCT-TMA.

Some patients with HSCT-TMA may present
with mild disease, often limited to hematologic
dysfunction. In patients with more serious
TMA, severe multiorgan damage and/or organ
failure may be observed [10]. Close monitoring
of kidney function is important in patients at
risk of developing HSCT-TMA, but changes in
creatinine clearance may occur too late for
optimal treatment initiation, particularly in
pediatric patients; monitoring for kidney-re-
lated manifestations such as hypertension and
proteinuria, alongside more extensive blood
panel assessments, should be considered [10].
Seemingly specifically to HSCT-TMA, organ
endothelial damage has also been linked to the
further development of TMA in the gastroin-
testinal (GI) tract [8]. While some groups have
seen that the Endothelial Activation and Stress
Index (EASIX) shows some utility as a prog-
nostic factor for HSCT-TMA in adults—particu-
larly when assessed prior to conditioning—this
measure was established and validated for
identification of GvHD and VOD, not TMA;
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EASIX also appears to perform poorly in pedi-
atric patients, meaning more specific tools for
measuring endothelial damage/dysfunction are
required for patients with HSCT-TMA [65].

Another key measurement in patients with
suspected HSCT-TMA is the level of sC5b-9, a
key marker of terminal complement activity
substantially elevated in most patients with
HSCT-TMA [14]. However, measurable plasma
sC5b-9 levels are indicative of systemic com-
plement activation, meaning normal levels may
not exclude organ-specific TMA or early disease.
Further, individualized changes in sC5b-9 levels
may be more suitable and informative than
absolute levels when assessing systemic com-
plement activation [14]. Unfortunately, while
there are a variety of complement function tests
available, many have associated technical diffi-
culties, and there appears to be little consis-
tency in the specific tests completed between
laboratories. It would be important to have
simple and robust tests for measuring comple-
ment activation that are standardized between
laboratories. As more laboratories begin to
adopt the use of biomarkers such as sC5b-9 in
HSCT-TMA, testing capability and availability
should improve [47, 66, 67]. Indeed, many
groups, such as the International Union of
Immunological Sciences and International
Complement Society (IUIS/ICS) Committee for
the Standardization and Quality Assessment in
Complement Measurements, have been work-
ing in this direction [68]. Others have also
suggested that biomarkers, such as the factor B
activation product Ba, may show utility in
HSCT-TMA [69]. Identification and validation
of individual/panels of rapid and simple to
identify HSCT-TMA-specific diagnostic and
prognostic biomarkers, and associated assays,
with acceptable sensitivity and specificity would
be of great interest in HSCT-TMA.

Furthermore, while many patients with
HSCT-TMA present with genetic variants across
a range of pathways—including the comple-
ment cascade—the requirement for pre-trans-
plant patient blood samples, insufficient
knowledge of variant significance and long
turnaround times limit the utility of genetic
screening in these patients. Once patients have
suspected HSCT-TMA, treatment needs to be

initiated rapidly to optimize outcomes and
reduce the morbidity/mortality associated with
uncontrolled disease; treatment should not be
delayed for genetic screening to be completed.

Lastly, in some cases, patients with HSCT-
TMA may present atypically, with relatively
normal blood counts and parameters but with
isolated, unexplained organ dysfunction—
again, the kidneys are most commonly affected.
In contexts such as this, clinicians should note
any recurrent serositis, peripheral neuropathy
and muscle weakness, and/or lung dysfunction
(hypoxemia), which are key signs suggestive of
HSCT-TMA [8, 10]. If there is a strong suspicion
of HSCT-TMA despite no evidence of systemic
complement activation (e.g., normal sC5b-9),
an organ biopsy with staining for C4d and C5b-
9 should be considered where possible. If a
thorough risk–benefit assessment has been
conducted and biopsies are available, evidence
of TMA in biopsy samples should be considered
as a definitive diagnosis of HSCT-TMA irre-
spective of the presence of other markers or
laboratory assessments. In cases of atypical
presentation, differential diagnoses should also
be considered carefully because of the similari-
ties of signs and symptoms alongside the non-
specific presentation of TMA [13].

Complement in HSCT-TMA: Differential
Diagnoses and Comorbid Conditions

As noted, there are numerous post-transplant
conditions that share key signs and symptoms
with HSCT-TMA and may confound diagnosis.
Indeed, misdiagnosis remains relatively com-
mon, as it can often be difficult to differentiate
patients with HSCT-TMA from patients with
other transplant-specific complications. Differ-
ential diagnoses and their associated presenta-
tions can be found in Table 1. The current body
of evidence suggests that patients with HSCT-
TMA share more commonalities with patients
who have aHUS than with other TMA-associ-
ated conditions. For example, some patients
present with reduced ADAMTS13 levels, but not
to the same extent as in patients with TTP.
Further, von Willebrand factor patterns tend to
be unaltered in patients with HSCT-TMA, unlike
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in TTP. A more common feature in HSCT-TMA
is complement dysregulation [8, 10, 14]. How-
ever, patients with HSCT-TMA typically do not
have recurrent disease following successful
treatment, as opposed to patients with aHUS
where disease recurrence is relatively common;
the triggers and underlying pathophysiology of
these conditions also tend to differ. Regarding
pathogenic genetic variants, different sets of
genes appear implicated in the development of
HSCT-TMA compared to other forms of CM-
TMA [9].

Other transplant-related conditions that
may be considered as differential diagnoses
when assessing HSCT-TMA are acute GvHD and
liver SOS (sometimes also known as veno-oc-
clusive disease [VOD]). The signs and symptoms
of GvHD, particularly in the GI tract, may
coincide with HSCT-TMA, and as many as one-
third of patients presenting with GI dysfunction
following HSCT may have both HSCT-TMA and
GvHD [1, 8, 70–74]. In these cases, patients
should be treated for both conditions concur-
rently to obtain optimal outcomes. Careful
monitoring of TMA worsening is also required if
immunosuppressives with known endothelial
damaging properties are used to treat GvHD
[14, 73, 74]. While TMA and GvHD both affect
the GI tract, skin, and the liver, GvHD does not
usually involve kidney, lung, or CNS—all com-
mon sites of TMA [75]. Further, the presence of
vascular damage and bleeding, particularly in
the GI tract, appears much more common in
patients with TMA. Patients with HSCT-TMA
are more likely to present with vascular
endothelial damage, whilst patients with GvHD
are more likely to have identifiable epithelial
injury [48, 76]. There is also some emerging
evidence that patients presenting with steroid
refractory GvHD may actually have comorbid
GvHD and TMA; these patients should be
assessed carefully to ensure optimal therapeutic
regimens are established [48, 77]. These findings
further emphasize the current calls in the liter-
ature for endothelial-sparing immunosuppres-
sives in the future [14, 73, 74].

Liver SOS (VOD) is another condition that
also presents with some similarities to HSCT-
TMA. Both conditions can result in organ
injury, although the sites and underlying

mechanisms of damage often differ; SOS/VOD
rarely affects the GI tract and causes secondary
damage to the kidneys and/or lungs due to liver
damage-associated fluid overload [13]. SOS/
VOD is often associated with rapid weight gain,
rising bilirubin levels (direct), and liver damage.
HSCT-TMA less commonly results in weight
gain or changes in bilirubin [13, 78, 79].

HSCT-TMA: Differences Between Children
and Adults

Currently, most HSCT-TMA research has been
conducted in pediatric patients, despite the
incidence of HSCT-TMA in adults appearing
similar to that in pediatric patients; HSCT-TMA
may be an underappreciated and under-re-
searched condition in adult transplant patients
[14–16]. However, despite very similar underly-
ing mechanisms of TMA, there are some key
differences between adult and pediatric patients
with HSCT-TMA, which must be considered.

Firstly, the underlying diagnoses of adult and
pediatric patients requiring transplantation are
typically different. Immunodeficiencies are
more common reasons for transplantation in
pediatric patients, while adult patients typically
require transplantation for hematologic malig-
nancies [16, 47]. This is particularly important
because of the emerging evidence suggesting
that the underlying primary pathology may
impact the risk of developing HSCT-TMA
[14, 47]. It is important to consider that adults
are more likely to present with comorbid con-
ditions, such as hypertension or diabetes, which
may contribute to development of HSCT-TMA
or further complicate disease progression or
treatment decisions [16]. Certain comorbid
conditions may also delay consideration or
diagnosis of HSCT-TMA if the symptoms of
TMA are attributed to a different underlying
condition.

Furthermore, the timing of HSCT-TMA
appears different between adult and pediatric
patients. HSCT-TMA occurs early after trans-
plantation in pediatric settings (typically within
the first 28 days post-transplant), while in a
study of adult patients, approximately half of
HSCT-TMA events occurred ‘‘early’’ (within
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100 days of transplant), and half occurred ‘‘late’’
(after 100 days post-transplant) and were often
associated with chronic GvHD or late infections
[11, 82]. A recent study of adult patients
undergoing allogenic HCT showed that HSCT-
TMA in the absence of acute GvHD occurs ear-
lier than 100 days, and that comorbid acute
GvHD is a key risk factor for late-onset HSCT-
TMA in adults [83]. In an unpublished screening
study using the Jodele criteria in adult patients,
the median time from transplant to the diag-
nosis of HSCT-TMA was 7 months (Gantner
et al. personal communication, 2022).

While it is important to appreciate the dif-
ferences between adult and pediatric patients,
current evidence collected in the pediatric set-
ting suggests that young adults who have
received a transplant have an almost identical
presentation of TMA to younger children
undergoing transplantation [14]. This includes
similarities in complement activation, particu-
larly in relation to changes in sC5b-9 levels.
Combined with the limited data available in
adult transplant recipients, it appears that the
incidence and underlying pathophysiology of
HSCT-TMA may not be age-dependent, making
many of the tools developed for diagnosing and
managing HSCT-TMA in pediatric patients
potentially applicable to the adult setting
[14, 16]. More research would be welcomed to
fully validate these tools for use in adult
patients.

TREATMENT AND MONITORING

HSCT-TMA: Treatment Decisions

Initially, it may be suitable to implement pre-
vention strategies, such as HLA-matched trans-
plantation, the avoidance of endothelial-toxic
medications (i.e., mTOR inhibitors), use of
conditioning regimens with reduced toxicity,
and strong infection-control. In lower risk
patients, adoption of risk-mitigation strategies
may result in prevention of HSCT-TMA devel-
opment entirely [8, 13].

In patients who do develop HSCT-TMA, ini-
tial treatment options should include treatment
of co-existing conditions such as GvHD (which

may exacerbate TMA symptoms), aggressive
treatment of co-existing infections, renal
replacement therapy, and management of
symptoms such as hypertension [8, 10, 13, 14].
In certain clinical situations, modification of
endothelial-damaging immunosuppressive reg-
imens may be considered, although there is a
substantial risk of triggering GvHD in this con-
text and so careful risk–benefit assessments
should be conducted before any modifications.
If patients present with several risk factors for
severe disease or worse outcomes, or HSCT-TMA
progresses despite implementation of support-
ive therapeutic options, more intensive treat-
ments should be implemented. Therapies
including rituximab and defibrotide have been
used to treat patients with HSCT-TMA, however
neither has been thoroughly investigated in
large phase III clinical trials and existing evi-
dence suggests that outcomes are suboptimal
[8]. Further, while plasma exchange may be
considered in this instance, outcomes are sub-
optimal compared to patients treated with tar-
geted complement inhibitor therapies [8].

As a result of the involvement of all com-
plement pathways in the pathogenesis of HSCT-
TMA, there is a clear and growing body of evi-
dence demonstrating that complement inhibi-
tion at the level of C5 appears to be efficacious
in a large proportion of patients with HSCT-
TMA, improving overall response and survival
rates [8, 84–90]. However, not all patients
appear to respond appropriately to C5 inhibi-
tion, and this may be due to late therapy initi-
ation, the need for increased dosing compared
to established aHUS regimens, and the sub-
stantial difference in clearance observed in
patients with active HSCT-TMA treated with C5
inhibitors [8, 48, 84–89]. A recent study detail-
ing pharmacokinetic (PK)-/pharmacodynamic
(PD)-guided eculizumab dosing regimens for
pediatric patients with HSCT-TMA demon-
strated substantially improved 1-year survival
rates when eculizumab dose was guided by
baseline sC5b-9 levels [48, 66]. Other studies
have proposed that substantial bleeding in
patients with TMA may also contribute to ecu-
lizumab refractoriness [91–93].

Furthermore, immunosuppressed patients
treated with eculizumab are particularly
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sensitive to meningococcal (Neisseria meningi-
tidis) infections because of an inability to
remove the bacteria by the complement mem-
brane attack complexes. Therefore, vaccination
against meningococci is mandatory [94]. Inter-
estingly, a recent study has also shown that the
use of appropriate antimicrobial prophylaxis is a
suitable alternative to vaccination in patients
where this is not possible, such as patients in
the early post-HSCT period. No significant dif-
ference in bacterial and fungal bloodstream
infections was seen between patients on
antimicrobial prophylaxis treated and not trea-
ted with complement C5 inhibitors [95].

While eculizumab is not approved for use in
patients with HSCT-TMA, the reported efficacy
of complement blockade in this patient popu-
lation should not be overlooked. It should also

be considered that use of standard C5 inhibitor
dosing regimens approved and validated in
other conditions, such as aHUS, may not be
suitable in patients with HSCT-TMA. When
using eculizumab, Jodele et al. highlighted the
need for ongoing therapeutic drug monitoring
(TDM) in patients with HSCT-TMA [91–93].
Unfortunately, TDM may not be universally
available, meaning further prospective studies,
perhaps utilizing TDM, are required to clarify
the optimal regimen of complement inhibition
in HSCT-TMA [48, 90, 96]. In the absence of
standardized regimens, it is clear that dosing
must be tailored and monitored to achieve
complete terminal complement blockade and
ensure optimal efficacy. Further, a lack of C5
inhibitor responses in severely ill patients
seemingly reinforces the need for early

Table 2 Clinical parameters which should be monitored to determine treatment efficacy and disease progression [10, 47]

Hematologic measurements Renal measurements Other measurements

Complete blood counts and

electrolyte panels should be

monitored frequently, even daily

Proteinuria should be assessed via

random urine protein and

creatinine quantification

Assessment of changes in the need for

transfusions (red cell and platelet) should be

completed, particularly within first 100 days

post-transplant

Schistocytes should be assessed

routinely via peripheral blood

smears

Kidney function monitoring

should be assessed to monitor signs

of acute kidney injury

Routine monitoring for viremias such as BK

virus and adenovirus is required

Lactate dehydrogenase levels should

be measured twice weekly

Blood pressure measurements should be

routinely captured to monitor for

hypertension

Serum soluble C5b-9

concentrations should be assessed, if

feasible

Cardiac monitoring via echocardiography

should be performed in symptomatic

patients with suspected/confirmed

thrombotic microangiopathy, particularly in

hypoxemic patients requiring intensive care

Assessment of oxygen requirements (e.g.,

unexplained increase in oxygen needs or

improvements following treatment)

If feasible, biopsies can be considered as

required, following strict risk–benefit

assessments
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diagnosis and intervention in patients with
high-risk HSCT-TMA. Since other endothelial
injury pathways also play a role, it is hypothe-
sized that combination therapies may be avail-
able in the future and enhance response rates in
difficult-to-treat patients.

HSCT-TMA: Monitoring

There are a range of parameters that should be
monitored to determine treatment efficacy and
disease progression as discussed by Jodele et al.;
these are presented in Table 2 [10, 47]. These
monitoring criteria focus heavily on the key
triad of TMA (thrombocytopenia, ischemic
organ damage, and MAHA) and on complement
activity. They were also applied in the clinical
studies conducted by Jodele et al., correspond to
the updated diagnostic criteria proposed by the
same group, and have been validated in pedi-
atric patients [10, 47]. Notably, routine moni-
toring of sC5b-9 may be useful, as levels may
escalate over time, indicating an overactivated
complement system and placing the patient at
risk of organ injury. Assessing baseline levels,
preferably prior to transplantation if practical,
followed by weekly monitoring if a patient
develops signs of hematologic TMA may be
warranted.

HSCT-TMA: Future Treatments Targeting
Complement

While most evidence relating to complement-
targeted therapy to date has focused on C5
inhibitors, namely eculizumab, much of this
has been derived from case studies/series and
there remains a need for randomized controlled
trials in patients with HSCT-TMA. Indeed, a
number of trials are ongoing with various other
therapeutics targeting C5, such as ravulizumab
and coversin, alongside treatments targeting
other components of the complement cascade.

There is some preliminary evidence that
inhibitors of specific complement pathways,
such as the LP, may show some utility in the
management of HSCT-TMA; inhibitors target-
ing specific complement pathways may preserve
the other complement pathways and their

function. Further, as a result of possible
cross talk between systems, LP inhibitors may
be of particular interest in bleeding patients
with complement dysregulation. Narsoplimab
(OMS721) is a human monoclonal IgG4 inhi-
bitor of MASP2, which has recently completed a
phase II study assessing its effectiveness in
patients with TMA [97–99]. Data from this
phase II study of 28 patients suggest that nar-
soplimab improves laboratory markers of TMA
and organ function and may have a beneficial
effect on overall survival in patients with HSCT-
TMA [97–99]. However, overall physiologic
concentrations of active LP molecules are low,
suggesting it may play a minor role in HSCT-
TMA pathogenesis, and there may be a risk of
reduced efficacy in conditions such as HSCT-
TMA because of the apparent involvement of all
complement pathways in pathogenesis [97, 98].
Results from phase III studies and greater clini-
cal experience are therefore required to solidify
these results. However, complement inhibitors
appear to be a current ‘‘hot topic,’’ with a range
of novel inhibitors of components such as C5,
C3, factor B, and factor D (amongst others)
currently being explored for use in treating
TMAs. It should also be considered when testing
these new therapeutic options that specific PK/
PD studies may be required in this patient
population, based on the substantially different
PK/PD profiles identified by Jodele et al. fol-
lowing eculizumab treatment. A more detailed
overview of all therapeutics targeting comple-
ment can be found in the review by Gavriilaki
et al. [100].

In addition, the involvement and interaction
of other molecules and pathways in the patho-
genesis of HSCT-TMA—such as interferons and
NETosis—may also contribute to refractoriness
to current treatment approaches and therefore
be key targets for future drug development.
Overall, the applicability of these novel treat-
ment modalities, or indeed combinations
thereof, in the setting of HSCT-TMA remains a
key topic of interest [100].
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HSCT-TMA: MYTHS, UNKNOWNS,
AND AREAS OF DISCORD

While our understanding of HSCT-TMA has
advanced substantially, there is still much that
remains to be elucidated, and several key topics
are discussed below.

Firstly, many of the non-canonical interac-
tions between complement and other path-
ways/systems discussed in this article have been
evaluated in vitro, using purified proteins and
non-physiologic conditions, or in animal mod-
els. Additionally, some of the non-canonical
enzymatic interactions are reportedly less effi-
cient than the prototypical enzyme–substrate
interactions, and the lack of specific animal
models of TMA further confounds assessment of
their relevance in HSCT-TMA. Further investi-
gations, particularly in the clinical setting, are
required to understand their importance in vivo
and subsequently their relevance to clinical
practice [19, 29, 30, 37, 38]. Secondly, although
TMA following HSCT is a relatively common
occurrence, it is often masked by other com-
mon post-transplant complications such as
intestinal/GI GvHD and may also present con-
currently with these other conditions. Thus, if
clinicians are not actively looking for HSCT-
TMA, it is unlikely to be diagnosed or treated
[11].

Another issue relates to screening tools and
differences between adult and pediatric
patients. While the tools used in pediatric
patients continue to be improved, their utility
in adult patients is unclear, and more studies are
needed. There is also a need for more prospec-
tive studies in adult patients to determine
optimal treatment protocols. Further, simple
methods and tools to evaluate and characterize
the level of endothelial damage in HSCT
patients remain elusive, but would be extremely
beneficial in this setting, alongside greater
understanding of the molecular processes
underlying TMA initiation, endothelial cell
damage, and C3 deposition in this population.
Easier tools for assessing complement pathway
function and activity would be extremely
helpful and allow for rapid and routine assess-
ment of complement markers such as sC5b-9

levels. This would, in turn, allow for more
robust studies of complement activity at differ-
ent stages of HSCT-TMA progression to be
conducted, which is particularly important as
there are many difficulties associated with
interpreting the plethora of laboratory mea-
surements, commercial assays, and in vitro
studies of complement function or activity. For
example, the complement system is inherently
unstable and prone to activation, meaning that
samples must be taken carefully into EDTA
tubes and kept on ice to ensure that artificial
in vitro activation does not occur. Artificial
activation of the complement system in clinical
samples may be particularly troublesome, as the
samples may not accurately represent the
patient’s underlying pathophysiology once
analyzed. This can confound interpretation and
complicate clinical decision-making. Random-
ized clinical studies are required to address and
alleviate these complications.

Lastly, it is extremely important to deter-
mine why some patients are refractory to
treatment with existing complement inhibitors:
is treatment initiated too late; are the symptoms
unrelated to complement; is complement acti-
vation too severe; are other pathways such as
the coagulation cascade involved, which are
bypassing complement blockade; or are there
other explanations for the lack of response in all
patients [91, 92]? It is also of great interest to
explore the efficacy of novel complement-
specific therapeutics, or their combination with
inhibitors or modulators of other pathways,
such as the coagulation cascade, the interferon
system, or other inflammatory mechanisms to
determine the optimal treatment regimen for
this condition [14, 63, 101, 102].

CONCLUSIONS

Dysfunction of the complement system can
result in the initiation of vascular damage/dys-
function, e.g., TMA. We have highlighted the
key roles that all facets of the complement cas-
cade play in the development of HSCT-TMA
and have listed a key set of risk factors and
diagnostic criteria to aid clinicians in the iden-
tification and management of HSCT-TMA in the
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clinic, including key differences between adult
and pediatric patients.

In summary, HSCT-TMA is a common post-
transplant complication that, if left untreated,
can have serious negative consequences for
patients. Despite the simple screening tech-
niques available for HSCT-TMA, it is often mis-
taken for other common post-transplant
conditions. However, when identified correctly
and treated promptly, patient outcomes are
drastically improved. In situations with clear
involvement of the complement system, tar-
geted therapies can be tried. Therefore, it is
imperative that both pediatric and adult trans-
plant specialists understand the key signs and
symptoms of HSCT-TMA to ensure prompt
diagnosis and optimized outcomes for their
patients.
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