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Abstract

Background: Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection.
Despite treatment being in line with current guidelines, mortality remains high in those with septic shock. Intrave-
nous immunoglobulins represent a promising therapy to modulate both the pro- and anti-inflammatory processes
and can contribute to the elimination of pathogens. In this context, there is evidence of the benefits of immuno-
globulin M (IgM)- and immunoglobulin A (IgA)-enriched immunoglobulin therapy for sepsis. This manuscript aims to
summarize current relevant data to provide expert opinions on best practice for the use of an IgM- and IgA-enriched
immunoglobulin (Pentaglobin) in adult patients with sepsis.

Main text: Sepsis patients with hyperinflammation and patients with immunosuppression may benefit most from
treatment with IgM- and IgA-enriched immunoglobulin (Pentaglobin). Patients with hyperinflammation present with
phenotypes that manifest throughout the body, whilst the clinical characteristics of immunosuppression are less
clear. Potential biomarkers for hyperinflammation include elevated procalcitonin, interleukin-6, endotoxin activity

and C-reactive protein, although thresholds for these are not well-defined. Convenient biomarkers for identifying
patients in a stage of immune-paralysis are still matter of debate, though human leukocyte antigen-antigen D related
expression on monocytes, lymphocyte count and viral reactivation have been proposed. The timing of treatment is
potentially more critical for treatment efficacy in patients with hyperinflammation compared with patients who are in
an immunosuppressed stage. Due to the lack of evidence, definitive dosage recommendations for either population
cannot be made, though we suggest that patients with hyperinflammation should receive an initial bolus at a rate of
up to 0.6 mL (30 mg)/kg/h for 6 h followed by a continuous maintenance rate of 0.2 mL (10 mg)/kg/hour for>72 h
(total dose > 0.9 g/kg). For immunosuppressed patients, dosage is more conservative (0.2 mL [10 mgl/kg/h) for > 72 h,
without an initial bolus (total dose >0.72 g/kg).

Conclusions: Two distinct populations that may benefit most from Pentaglobin therapy are described in this review.
However, further clinical evidence is required to strengthen support for the recommendations given here regarding
timing, duration and dosage of treatment.

Keywords: Immunoglobulin, IgM- and IgA-enriched immunoglobulin, Sepsis, Pentaglobin, Hyperinflammation,
Immunosuppression

Background

Sepsis is a global issue which affects an estimated 49 mil-

lion people every year, potentially leading to 11 million

deaths [1]. It is a clinical syndrome in which profound

physiological and biochemical changes often lead to a
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response to infection. Even after many years of intensive
clinical and laboratory research, there is still no specific
therapy for sepsis. A subset of sepsis known as septic
shock is characterized by profound circulatory, cellular
and metabolic abnormalities that are associated with a
greater risk of mortality than sepsis alone; with hospital
mortality rates >50% [2, 3].

Immune pathophysiology of sepsis

Sepsis is differentiated from uncomplicated infection
due to a dysregulated host response to infection. The
clinical syndrome of sepsis is initiated by the activation
of multiple signaling pathways following the recognition
of pathogen-derived molecules [pathogen-associated
molecular patterns (PAMPs) e.g. endo- and exotoxins,
DNA, lipids] and endogenous host-derived danger sig-
nals (damage-associated molecular patterns [DAMPs])
by specific cell-surface receptors on macrophages [toll-
like receptors (TLRs)] [4]. Consequently, this leads to the
expression of genes involved in inflammation, adaptive
immunity, and cellular metabolism [5]. During the course
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of sepsis, patients often present with multiple features
of immunological alterations including systemic inflam-
matory responses, complement consumption, defects in
neutrophil-mediated immunity and decreased serum lev-
els of immunoglobulins finally causing immunosuppres-
sion (Fig. 1) [5, 6].

Early stage hypercytokinemia

Activation of the TLRs on macrophages such as mono-
cytes and neutrophils induces signal transduction
and translocation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) to the nucleus.
NF-«B induces the expression of early activation genes,
including inflammatory cytokines such as tumor necro-
sis factor a (TNF-«), interleukin (IL)-1, IL-12, IL-18
and interferons (IFNs), which further initiate a cascade
of other inflammatory cytokines (including IL-6, IL-8,
IEN-vy), as well as the suppression of adaptive immunity
components [5]. Therefore, in the early stages of sepsis,
an increase in the presence of both proinflammatory and
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anti-inflammatory cytokines is observed at diagnosis
[7-9].

Effects of complement activation and neutrophil-mediated
immunity

In sepsis, there is considerable evidence of complement
activation, as reflected by the appearance of complement
activation products (anaphylatoxins such as C3a, C4a,
C5a) in plasma [10]. Normally, C5a has a beneficial effect
and is linked to the recruitment of neutrophils to the
site of infection. C5a binding to the C5a receptor (C5aR)
transforms the neutrophil into a migratory cell able to
invade inflammatory tissue sites and clear pathogens and
debris [11]. PAMPs and DAMPs induce oxidative burst
leading to the release of reactive oxygen species and gran-
ular enzymes, and release neutrophil extracellular traps
(NETs). Excessive activation of C5a in the development
of sepsis is linked to several processes including apopto-
sis of lymphocytes, aggravation of systemic inflammation
and neutrophil dysfunction [12]. Excessive C5a leads to
down-regulation of C5aR during sepsis and can have det-
rimental effects resulting in homing of neutrophils to the
microvasculature, inflammation, tissue damage, throm-
bosis and multiple organ failure. Blockage of C5a or C5aR
inhibits the development of sepsis in mouse models,
whereas in patients with sepsis, a downregulated C5aR
and high Cb5a levels correlate with poor prognosis [13].

Decreased levels of immunoglobulins

There have been several observations of decreased
immunoglobulins among patients at sepsis diagnosis, in
particular decreased levels of the three major immuno-
globulin isotypes, immunoglobulins G, M and A (IgG,
IgM and IgA, respectively; Table 1. [14—22]). A synergis-
tic role of IgG, IgM and IgA in sepsis and septic shock
has been described [21, 24], and the combined presence
of low levels of endogenous IgG, IgM and IgA in plasma
is associated with reduced survival in patients with
severe sepsis or septic shock [21, 25]. The mechanism
or the underlying cause for low levels of immunoglobins
in sepsis are not entirely clear, but it has been suggested
that it may be due to their reduced production/secretion
due to immunosuppression, vascular leakage secondary
to endothelial dysfunction, redistribution into inflamed
tissues, over-utilization by the complement system and
excessive catabolism [6, 21, 22, 26, 27].

Late immunosuppressive events

In sepsis, increased circulating levels of myeloid-derived
suppressor cells (MDSCs) have been observed; these cells
secrete multiple anti-inflammatory cytokines, includ-
ing IL-10 and transforming growth factor-p (TGF p),
which suppress immune function [5, 28]. In addition, an
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apoptotic decrease in antigen-presenting dendritic cells
and monocytes has been observed, along with a loss of
their proinflammatory cytokine production [29-33].
Human leukocyte antigen—antigen D related (HLA-
DR) expression on monocytes and dendritic cells is also
downregulated, which decreases responsiveness, and the
failure of monocytes to recover HLA-DR levels predicts a
poor outcome from sepsis [34].

Natural Kkiller-cell, B- and T-lymphocyte depletion
can also be observed in peripheral blood along with an
increase in apoptosis of dendritic cells (antigen-pre-
senting cells [APCs]) and stromal cells [35-40]. In the
course of sepsis, inhibitory immune checkpoint mole-
cules, including programmed death protein 1 (PD-1), are
upregulated on T cells, APCs or peripheral tissue epithe-
lial cells. These molecules regulate leukocyte functions,
leading to immune cell apoptosis (contributing to T cell
exhaustion), APC dysfunction and expansion of regula-
tory T (Treg) cells [5, 39, 41-44]. Although cell death in
innate and adaptive immunity is initially beneficial to the
host, by downregulating the inflammatory responses in
sepsis, the extensive loss of immune cells may compro-
mise the ability of the host to further eliminate invading
pathogens. It has been shown that preventing immune
cell apoptosis markedly improved survival [45].

Why focus on immunoglobulins?

Polyvalent intravenous immunoglobulins, within the
network of inflammation and immunity, represent a
promising approach to modulate both the pro- and anti-
inflammatory processes [46]. However, studies have
observed that polyclonal immunoglobulin formulations
containing only IgG do not result in improved mortality
rates in patients with sepsis [47—-49]. On the other hand,
although the underlying mechanisms for IgM- and IgA-
enriched immunoglobulins to exert beneficial effects in
patients with severe sepsis and septic shock is not com-
pletely understood, systematic reviews have generally
concluded that IgM- and IgA-enriched immunoglobulin
preparations are associated with a reduction in mortal-
ity [50, 51]. A recent meta-analysis, with trial sequential
analysis that included 19 studies involving a total of 1530
patients, found that mortality was significantly reduced
in the IgM- and IgA-enriched immunoglobulin group
compared with the control group [52].

Currently, the commercially available IgM- and IgA-
enriched immunoglobulin formulation is Pentaglobin
(12% IgM, 12% IgA and 76% IgG). A different prepara-
tion, trimodulin (approximately 23% IgM, 21% IgA and
56% IgQ), is in clinical development [53]. The data on the
efficacy and safety of IgM- and IgA-enriched immuno-
globulin therapy in patients with sepsis therefore comes
from the use of Pentaglobin (Table 2, [54—74]).
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Relevant mechanisms of action of IgM- and IgA-
enriched immunoglobulins include opsonization and
phagocytosis of causal pathogens [75], neutralization of
virulence factors including bacterial endo- and exotox-
ins [76, 77], as well as immunomodulation via interac-
tion with complement factors [78, 79] and prevention
of hyper-inflammatory responses. Immunoglobulins
have also been shown to downregulate IL-2 production,
resulting in a significant inhibition of human T-lym-
phocyte alloproliferative response in vitro as well as in
lectin-stimulated peripheral blood mononuclear cells
[80]. However, in addition to a modulation of IL-2, IgM
and IgA enriched immunoglobulin exhibited differen-
tial effects on the release of pro-inflammatory cytokines
(IFN-y, TNF-a and IL-6) during mixed lymphocyte
reaction response [80]. Additionally, in vitro and in vivo
models have shown an upregulation of IL-10 following
IgM and IgA enriched immunoglobulin administration
[81, 82]. Furthermore, a recent clinical study in patients
treated with either IgM and IgA enriched immunoglob-
ulin or placebo (NaCl) showed a significant decrease of
IL-6 and IL-10 levels at 72 h in the IgM and IgA enriched
immunoglobulin group only [74]. Ex vivo data also
showed that the investigational preparation, trimodulin,
lowered monocyte expression of recognition receptors
(TLR2 and TLR4) and coagulation receptors (CD11b and
CD64) and also reduced lymphocyte proliferation and
release of pro- and anti-inflammatory cytokines includ-
ing TNF-a and IL-10 [83]. Recently, a beneficial effect of
IgM administration on microvascular perfusion param-
eters could be demonstrated in humans [74], which
corroborated earlier research in an animal model of
endotoxemia [84]. These effects are in line with positive
effects of IgM on septic encephalopathy and the integrity
of the function of the blood—brain barrier [85, 86].

The benefits of IgM and IgA enriched immunoglobulin
have been gathered from different studies with clinically
heterogeneous patients, a wide variety of treatment pro-
tocols (e.g. dosage) and in settings with variable access
to laboratory diagnostics [87]. Understanding which
patients may benefit most from Pentaglobin therapy is
of high clinical relevance given the need for a balance
between a potential reduction in mortality as well as the
relatively high cost and availability of treatment. A pre-
vious publication sought to provide guidance on optimal
IgM- and IgA-enriched immunoglobulin use [88], how-
ever, in the intervening years, further clinical data have
been generated and more clinical experience has been
gathered to warrant an update to this publication. Fur-
thermore, there is increasing interest in the need for ‘per-
sonalized medicine’ [89]. Previous immunomodulatory
trials in sepsis have often failed in part due to a failure
to correctly identify the appropriate target group [45,
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90-93]. Therefore, identification of the appropriate target
population for IgM- and IgA-enriched immunoglobulin
therapy and tailoring an intervention accordingly could
be of great benefit.

However, current international guidelines for the man-
agement of sepsis and septic shock from the Surviving
Sepsis Campaign advise against the use of intravenous
immunoglobulins (IVIGs) in these conditions [94]. This
recommendation was graded as weak, with low quality
of evidence, and was based largely on a Cochrane meta-
analyses which predominantly included relatively small
trials performed with IgG. The only large study included
used IgG and showed no effect [47].

With this in mind, and given the relatively new concept
of sepsis being a ‘dysregulated’ host/immune response, as
well as how excessive consumption and insufficient pro-
duction of immunoglobulins could result in (acquired)
deficiency, an expert meeting was organized in March
2019 in Brussels, Belgium during the 39th International
Symposium on Intensive Care and Emergency Medicine
(ISICEM) congress (Additional file 1: Appendix S1). This
working group consisted of six experienced academic
critical care physicians from Italy, Germany and Hun-
gary, who had more than a decade of both scientific and
clinical experience using immunoglobulins in the con-
text of adjunctive sepsis therapy. The participants dis-
cussed which septic patients most benefit from IgM- and
IgA-enriched immunoglobulins, current best practice
management in different patient populations and how
the sepsis treatment landscape has changed over recent
years. A consensus report was produced from this expert
meeting, which formed the basis of this manuscript, and
literature searches using the relevant databases were car-
ried out to identify further evidence of the topics dis-
cussed. Additional references were then included during
the preparation of the manuscript.

Which patients may benefit most from IgM-

and IgA-enriched immunoglobulin therapy?
Defining patient phenotypes

Sepsis is a complex syndrome shaped by pathogen and
host factors with specific characteristics that progress
over time [2] and a ‘one size fits all’ approach to treatment
with IgM- and IgA-enriched immunoglobulins seems
inappropriate. We have identified two distinct patient
groups who may benefit most from treatment with IgM
and IgA enriched immunoglobulin, which can be defined
as: (1) those with an acute disease onset, who are heavily
inflamed, showing signs of imminent or overt septic shock
(patients in a hyperinflammatory stage); and (2) those with
an immunocompromised phenotype, often with a long-
term intensive care unit (ICU) stay and a higher incidence
of viral reactivation and/or nosocomial infections (patients
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in an immunosuppressive stage). Two-thirds of patients
who have combatted initial sepsis may suffer from per-
sistent hyperinflammation, elevated immunosuppression
biomarkers and catabolism syndrome developing ‘persis-
tent critical illness’ while still on the ICU; these patients
often experience poor long-term outcomes such as high
1-year mortality rates and are frequently disabled by cog-
nitive dysfunction, neuromyopathies, immunological dys-
function and other complications [95].

It must be noted that evidence for the clinical pheno-
types and management for these two patient popula-
tions can be variable and recommendations made in this
review are, therefore, based on both published evidence
and the authors’ clinical experience.

Patients with hyperinflammation

Clinical phenotype

Scientific evidence There are several clinical consequences
of hyperinflammation, which affect almost all organs in the
body and result in a marked elevation of many biomarkers
such as procalcitonin [PCT], IL-6 and C-reactive protein
[CRP] [2, 96]. A post hoc analysis of a randomized, con-
trolled study in patients with severe community-acquired
pneumonia and elevated baseline CRP, reduced IgM or both,
showed a reduction in mortality rate, ventilation require-
ments and length of hospital stay with the investigational
IgM-preparation trimodulin compared with placebo [53].

Another potential method of identifying patients who
may best benefit from IgM- and IgA-enriched immuno-
globulin treatment could be the use of an adapted ver-
sion of the predisposition, insult/infection, response and
organ dysfunction (PIRO) score—the Torino (TO)-PIRO
score [97]. However, the score has its limitations and
requires validation through use in clinical practice and
results gathered from large databases.

The shock index is an effective, low-cost, easily avail-
able bedside measurement tool for the initial assessment
of patients at risk for sepsis; patients who present with a
normal shock index (<0.7) have been found to be at very
low risk for severe sepsis [98]. The shock index may also
help in the evaluation of fluid resuscitation as well as pre-
dict the presence of lactic acidosis, development of organ
failure and mortality [99]. According to the international
consensus definition, septic shock is defined by a vaso-
pressor requirement to maintain a mean arterial pres-
sure of > 65 mmHg and serum lactate level >2 mmol/L
(>18 mg/dL) in the absence of hypovolemia [2, 100].

Clinical experience 'The biomarker thresholds for start-
ing IgM and IgA enriched immunoglobulin therapy have
not been well-defined for most of the listed parameters
(PCT, IL-6 and CRP). As an example of biomarker-driven
interventions, Branche et al. [101] suggest a PCT cut-off
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of >0.5 pg/L for antibiotic use. Conversely, rather than
threshold values serving as an indicator for starting ther-
apy, observing the kinetics of these biomarkers may bet-
ter serve to indicate the effectiveness of overall treatment
and assist in the determination of the required duration of
therapy. Although there is little published evidence with
immunoglobulin treatment to support this recommen-
dation [74], there have been studies with ICU patients
treated with antibiotics [102, 103].

Timing of therapy

Scientific evidence Among ICU patients with septic shock
caused by any pathogens [including those that are multidrug-
resistant (MDR)], those who received IgM- or IgA-enriched
immunoglobulins earlier (median delay 12 h versus 14 h)
were more likely to survive than those who received them
later [71, 72]. This suggests that the timing of treatment may
play a critical role in treatment efficacy and patients with
hyperinflammation should be treated with IgM- and IgA-
enriched immunoglobulins as soon as possible.

Clinical experience Patients with particularly low IgM
levels should be treated as soon as possible; the threshold
for low IgM is uncertain, but we suggest <40-80 mg/dL.
Although starting treatment as soon as possible (within
24 h) may lead to overtreatment in some patients, this is
felt to outweigh the increased risk of mortality in some
patients if treatment is delayed. Given the benefit of early
treatment, IgM- and IgA-enriched immunoglobulin
administration should be initiated prior to the cause of
sepsis/severe infection being identified.

Appropriate dosage

Currentrecommendation 'The summary of product char-
acteristics (SmPC) currently recommends Pentaglobin
therapy at a dose of 5 mL (0.25 g)/kg body weight/day for
3 consecutive days with an infusion rate of 0.4 mL/kg/h,
further infusions may be required depending on the clini-
cal course. Dosing depends on the immunological status
of the patient and the severity of the disease. A higher dos-
age (7 mL/kg/day for 5 days) of IgM- and IgA-enriched
immunoglobulin was used in a prospective study assessing
the impact of adjuvant therapy in combination with anti-
biotics in patients with abdominal sepsis [64]. Dosing of
IgM- and IgA-enriched immunoglobulin is also an impor-
tant consideration in two ongoing Pentaglobin trials; in
one septic shock study (IgM-FAT trial), the dosage based
on IgM serum levels is compared with the dosage recom-
mended in the SmPC (NCT04182737). In the randomized
controlled PEPPER trial, which is currently recruiting
patients, a single-mode continuous infusion of 0.4 mL/
kg/hour without initial bolus is administered until a total
dose of 7 mL/kg/day has been reached; this administra-
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tion is repeated for 5 consecutive days (NCT02810704)
[104].

Clinical experience Dosing varies between hospitals;
however, it may be reasonable to consider an initial bolus
since reaching higher IgM levels earlier could be beneficial,
i.e. an initial bolus of Pentaglobin at a rate of up to 0.6 mL
(30 mg)/kg/h for the first 6 h, followed by a continuous
maintenance rate of 0.2 mL (10 mg)/kg/h for 72 h for at
least 3 days (total dose>0.9 g/kg). If possible, IgM levels
should be determined upon admittance and monitored
regularly. It is not currently known which target values
are appropriate to achieve in patients with sepsis (i.e. ‘nor-
mal’ or ‘supranormal’), however, the doubling of a patient’s
IgM level from the start of treatment has been observed to
greatly increase their likelihood of survival. If IgM levels do
not increase after 3 days, treatment should be prolonged
for at least 2 additional days. In settings where it is not fea-
sible to measure IgM levels regularly, treatment should be
started independently from the initial level of IgM. Blood
should, however, be drawn at admission prior to treatment
and the initial IgM levels may be determined later.

Which patients are not eligible for treatment?
Patients ineligible for therapy are those with a standing
do not resuscitate (DNR) order or limitation of therapy,
incurable metastatic malignant disease or unstable hema-
tological malignancies.
Recommendations for patients with hyperinflammation
Clinical phenotype:

» Shock index (abnormal shock index >0.7) [98, 99]

+ Laboratory evidence of hyperinflammation e.g. high
values of PCT, IL-6, CRP [105]

+ Septic shock markers: serum lactate [2, 100] and
arterial pressure of <65 mmHg

+ Clinical examples include meningococcal sepsis, toxic
shock syndrome, necrotizing fasciitis and severe com-
munity-acquired pneumonia (sCAP) [53, 106, 107]

Timing:

« As early as possible, particularly in those with low
IgM levels and high inflammatory load, and within 24
hours [72]

Dosage:

+ Total dose of >0.9 g/kg

« Rate of 0.6 mL (30 mg)/kg/hour for the first 6 hours
followed by a continuous maintenance rate of 0.2 mL
(10 mg)/kg/hour for 72 hours (Expert Opinion)
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+ Determine IgM levels if possible; if no increase is
observed prolong treatment for at least 2 additional
days (Expert Opinion)

Exclusion criteria:

+ Standing DNR order or limitation of therapy, incur-
able metastatic malignant disease, unstable hemato-
logical malignancies

Patients with immunosuppression

Clinical phenotype

Scientific evidence Our understanding of dysregulated
immunity in sepsis has shifted in the last decade. Exces-
sive immune activation has previously been the focus of
attention in sepsis; however, more recent evidence has
highlighted the important role of immunosuppression
(or ‘sepsis-induced immunoparalysis’) as the prevailing
immune dysfunction associated with morbidity and mor-
tality [96]. The clinical symptoms/phenotypes of immu-
nosuppression are not as well defined as those of hyper-
inflammation, though it is recognized that these patients
have increased susceptibility to secondary infections [96].
Many patients with septic shock remain in the ICU for
weeks with chronic critical illness, and mortality rates
increase after 28—30 days following repeated nosocomial
infections [108, 109]. These chronic critically ill patients
with persistent immunosuppression eventually succumb
following viral infections (reactivation and de novo infec-
tion) as well as bacterial and fungal infections, and suc-
cessfully managing and treating these patients is a signifi-
cant challenge [71, 110-112]. Low HLA-DR expression
can also be a marker of immune dysfunction and a predic-
tor of mortality in severe sepsis and septic shock patients
[113-115].

In the absence of effective characterization of immune
status, nosocomial MDR infection can be considered a
surrogate marker for immunosuppression, although this
must be considered within the context of local resistance
patterns [116]. Cytomegalovirus (CMV) and herpes sim-
plex virus (HSV) reactivation also reflect acquired immu-
nosuppression manifesting as T-cell exhaustion [117].
Measurement of the immune status, such as PD-1/pro-
grammed death ligand 1 (PD-L1) expression on T cells
and dendritic cells, lymphocyte count, HLA-DR expres-
sion on monocytes, immunoglobulin levels and inflam-
matory markers (e.g. CRP, IL-6 or PCT) are potential
diagnostic biomarkers to be considered [105, 118, 119].
Low HLA-DR expression, in particular, may correlate
with low lymphocyte counts in the differential blood
count and lymphocyte count is also readily available in
most hospitals.
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Clinical experience There are currently insufficient
means to characterize the immune status of a patient
on a day-to-day basis, particularly between different
centers. Therefore, choosing the most meaningful bio-
markers for identifying patients with immune paralysis
is still a matter of debate; until now, repeated measure-
ment of HLA-DR expression on monocytes, lympho-
cyte count and viral reactivation have been proposed as
potential biomarkers [119-122]. Measuring IgM level
may be of additional benefit in immunocompromised
patients, and persistently low IgM levels (<40-80 mg/
dL) may prompt substitution. As previously mentioned,
however, actionable thresholds for IgM in this patient
group are largely elusive and further data are required
to confirm this hypothesis. It is also acknowledged that
in some settings monitoring IgM levels is not feasible
and as yet cannot be considered a mandatory criterion
for treatment [123]. Further research and technological
development regarding the identification and monitor-
ing of patients with immunosuppression is certainly
warranted.

Timing of therapy

Clinical experience Providing an exact recommenda-
tion on timing of IgM therapy in this population is dif-
ficult as the most appropriate data are from patients with
severe sepsis or septic shock. However, in our experience,
the timing of IgM therapy may be less critical in this phe-
notype, though it’s largely agreed that patients should be
treated early, taking into account that the clinical mani-
festations of septic shock are more subtle in immunosup-
pressed patients compared with non-immunosuppressed
patients. Either way, the 6-h sepsis bundle should be com-
pleted, and the patient should fulfil the clinical criteria for
septic shock.

Appropriate dosage

Current recommendation The SmPC currently recom-
mends Pentaglobin therapy at a dose of 5 mL (0.25 g)/kg
body weight/day for 3 consecutive days with an infusion
rate of 0.4 mL/kg/h. Further infusions may be required
depending on the clinical course. Dosing depends on the
immunological status of the patient and the severity of the
disease.

Clinical experience Pentaglobin should be admin-
istered with a continuous maintenance rate of about
0.2 mL (10 mg)/kg/h for 72 h (total dose of > 0.72 g/kg),
and an initial bolus is not considered beneficial. IgM lev-
els should be determined if possible and if no increase
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is observed, treatment should be prolonged for at least
2 additional days. Given the lack of supporting evidence
and clinical experience in treating this population, we
acknowledge that dose and a timeline for immunosup-
pressed patients with late-onset septic shock have yet to
be elucidated.

Which patients are not eligible for treatment?
Exclusion criteria are in accordance with those for
patients with hyperinflammation.
Recommendations for patients with immunosuppression
Clinical phenotype:

+ Increased susceptibility to secondary infections in
the blood and lungs [96]

+ DPersistence of septic shock with >2 organ dysfunc-
tions after initial resuscitation treatment (Expert
Opinion)

+ DPersistent immunosuppression determined by e.g.
high PD-1, lymphopenia, low IgM levels, low HLA-
DR expression on monocytes, expansion of MDSCs
[111, 124-126] (Expert Opinion)

+ Clinical examples: nosocomial infections, secondary
fungal infections (e.g. Aspergillosis), viral reactiva-
tion, insufficient clearance of primary infective focus,
multi-morbid elderly patient (diabetes mellitus, liver
disease, renal insufficiency, malnutrition), patients
with viral (co-)reactivation [110]

Timing:

» Exact recommendation is difficult, but suggest that
patients with severe sepsis or septic shock require
rapid infusions to counteract the potential down-
stream effects (Expert Opinion)

Dosage:

+ Total dose at least: 0.72 g/kg

+ Continuous maintenance rate of 0.2 mL (10 mg)/kg/
hour for 72 hours; IgM levels should be monitored
if possible, and if no increase is observed, treatment
should be prolonged for at least 2 additional days
(Expert Opinion)

Exclusion criteria:
+ Standing DNR order or limitation of therapy, incur-

able metastatic malignant disease, unstable hemato-
logical malignancies
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Monitoring immunoglobulin levels during therapy
Understanding when to stop therapy is important to pre-
vent overtreatment and for economic reasons. We believe
that there is a synergistic impact of simultaneously low
levels of IgGAM during sepsis, and we suggest that
immunoglobulin level kinetics may be a suitable marker
for monitoring and modifying treatment, although we
emphasize that the required minimum levels of circulat-
ing IgM, IgG and IgA are unclear at this point and fur-
ther data are required to determine the scale of changes
in immunoglobulins after treatment (Table 1). Based on
current experience, we propose that patients with patho-
logically low levels of IgM should reach a sustained eleva-
tion to values>80 mg/dL. Serial measurements of IgA,
IgG, and IgM could help to correlate supplementation
with outcome and important secondary endpoints in
the future and define the optimal immunoglobulin levels
required [21, 24, 94].

It is also important to consider that immunoglobin
levels may be influenced by other treatment interven-
tions such as fresh frozen plasma (which increases IgM)
and rituximab (which significantly lowers IgM). Another
consideration is the accumulation of IgM and IgA among
chronic kidney disease patients; due to their high molec-
ular weights, IgM and IgA are not removed by conven-
tional renal replacement treatments such as continuous
veno-venous hemodialysis and diafiltration (CVVH and
CVVHD, respectively). Additionally, the possible effect
of other blood purification techniques on immunoglob-
ulin levels is not yet well established [127]. Even though
not commonly used in septic shock patients, plasma
exchange methods are able to remove both IgM and IgA
due to the high sieving coefficient of the membranes used
in this technique [128].

A novel situation in COVID-19

In 2019, severe acute respiratory syndrome coronavi-
rus-2 (SARS-CoV-2) caused a pandemic with an unprec-
edented global crisis. Current data suggest a link between
the severity of coronavirus disease 2019 (COVID-19),
viral production, and the severe dysregulation of the
inflammatory immune reaction (‘cytokine storm’). It is
still unclear, however, which molecular mechanisms trig-
ger the onset of the immune disbalance and why it can
rapidly progress to multiorgan dysfunction or acute res-
piratory distress syndrome (ARDS) with a fatal outcome
in a considerable subset of patients [129, 130].

Clinical observation of fatal courses of COVID-19
often includes severe ARDS, which is caused by alveo-
lar injury and multiple organ failure—both of which are
associated with hyperinflammation and cytokinemia
[131]. Both mild and severe/fatal cases display changes
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in cytokine production, particularly IL-1f, IL-1ra, IL-6,
IL-10, TNF-a, GM-CSE, IL-17, and pathological shifts of
circulating leukocyte subsets [132, 133]. This leads to the
disturbed development of protective immunity against
the infection. The most severe complications of COVID-
19 include sepsis-like inflammation, pulmonary or car-
diovascular complications, and coagulopathy [134—136].

As discussed above, the innate host immune system is
activated in response to the virus to limit infection. Sub-
sequently, the adaptive immune system develops specific
immunoglobulins and activates T-cells in direct response
to the virus. If this inflammation is unmodulated or
excessive, there is a risk of chronic hyperinflammation
resulting in functional inhibition of the adaptive immune
system. In addition to virus-induced lymphopenia, this
can result in progressive tissue and organ damage, and
failure of the adaptive immune system to develop func-
tional immunoglobulins and clear the pathogen [137]. In
theory, the use of IgGAM in patients showing signs of
both hyper- and hypoinflammation could therefore be
an effective therapeutic strategy. Investigations with Ig
M- and IgA-enriched immunoglobulin are on the way.
The beneficial use was reported in a first case report in a
patient with hyperinflammation [138].

Unwanted side effects and adverse reactions

The use of IVIG as supportive therapy in sepsis is not
entirely without controversy or risk. In some patients,
serious adverse reactions consist of the development of
a hyperviscosity syndrome with thromboembolic events.
Further, acute renal failure has been observed, which was
presumably associated with stabilizers contained in the
IVIG preparations. IVIG-associated renal failure is most
common in patients with pre-existing conditions such as
renal impairment, diabetes mellitus, advanced age, vol-
ume depletion, or concomitant use of other substances
known to cause renal toxicity [139]. However, most of
these potential complications can be prevented by taking
appropriate countermeasures. For example, slow infusion
rates and adequate hydration may help to avoid renal fail-
ure as well as thromboembolic events [140].

Conclusions and potential future research

It is evident that there are still many uncertainties asso-
ciated with the diagnosis and particularly the manage-
ment of different types of patients with sepsis. Research
to effectively phenotype and characterize patient popu-
lations which correlate with a propensity to respond
to treatment will be essential in tailoring management
to the individual patient [141]. In this article we have
described two distinct populations we believe would
most benefit from therapy with IgM- and IgA-enriched
immunoglobulins. For patients with hyperinflammation,
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clinical phenotypes are better recognized compared
with patients with immunosuppression. Whilst there
are more tools and biomarkers available for diagnosing
patients with hyperinflammation compared to patients
with immunosuppression, universally valid thresholds
for these biomarkers (PCT, IL-6 and CRP) need to be
elucidated. We also suggest that the timing of therapy
with IgM- and IGA enriched immunoglobulin may be
critical for patients with hyperinflammation, with early
treatment showing the greatest benefit. These patients
may further benefit from an initial bolus of Pentaglobin
followed by a maintenance dose. However, further clini-
cal or real-world evidence is required to make deci-
sive recommendations regarding timing and dosage of
treatment.

Among patients with immunosuppression, relevant
biomarkers are largely debated, and research into devel-
oping technologies or identifying easily measured mark-
ers would be very valuable. Timing and dosage of therapy
with IgM- and IgA-enriched immunoglobulins among
immunosuppressed patients with chronic critical illness
is also uncertain since the only available evidence is taken
from patients with sepsis or septic shock. Therefore, clin-
ical trials to identify optimal target parameters are criti-
cal to define the appropriate therapy parameters for this
patient population.

For both patient populations, deciding when to dis-
continue therapy is also important. Pharmacokinetic
and dose-response studies that monitor IgM, IgA and
IgG levels in patients on IgM-immunoglobulin therapy
should be carried out. It may also be of interest to study
the impact of treatment with IgM- and IgA-enriched
immunoglobulins on sepsis-related complications includ-
ing critical illness polyneuropathy.

Within this manuscript, we characterized two dif-
ferent phenotypes of patients with sepsis and/or septic
shock. This segregation is supported at a genomic level
by a recent cohort study looking at the transcriptome
variation of a large group of patients with severe com-
munity-acquired pneumonia (sCAP). Two distinct sepsis
response signatures (SRS 1 and SRS 2) were identified,
of which one group (SRS 1) showed clear signs of rela-
tive immunosuppression, endotoxin tolerance, and T-cell
exhaustion, and was accompanied by a significantly
worse outcome [142]. We hypothesize that patients
exhibiting this phenotype might be likely to benefit from
the administration of IgGAM. We acknowledge, however,
that clinical reality currently excludes genetic/transcrip-
tomic analyses, and that there is considerable overlap
between these types of host response.

Clearly, more evidence is required to determine several
specific aspects of treatment with IgM- and IgA-enriched
immunoglobulins in patients with hyperinflammation
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and immunosuppression [143]. We conclude that, com-
pared with IgG-only formulations which did not improve
survival rates in patients with sepsis [47-49], treatment
with IgM- and IgA-enriched immunoglobulins is very
likely associated with a reduction in mortality and mor-
bidity in terms of length of ventilatory support, length of
ICU stay, and risk of secondary infectious complications
[50-52, 71].
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