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Refractoriness to platelet transfusion is a common clinical problem encountered by the transfusionmedicine spe-
cialist. It is well recognized that most causes of refractoriness to platelet transfusion are not a consequence of
alloimmunization to human leukocyte, platelet-specific, or ABO antigens, but are a consequence of platelet se-
questration and consumption. This review summarizes the clinical factors that result in platelet refractoriness
and highlights recent data describing novel biological mechanisms that contribute to this clinical problem.
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Platelet refractoriness describes the circumstance in which platelet
transfusion fails to yield an adequate increase in the platelet count. Def-
initions for platelet refractoriness depend upon the timing of the post-
transfusion platelet count and the metric used to assess the increase in
platelet count (Table 1). One definition for platelet refractoriness is a
corrected count increment less than 5X109/L/m2 on two sequential oc-
casions after transfusion of ABO-compatible platelets [1]. Although
alloimmunization to human leukocytes antigens (HLA) or platelet-
specific antigens is a well understood mechanism of platelet refractori-
ness that can be ameliorated through specific product selection strate-
gies, it is observed in <10% of cases of platelet refractoriness [2]. Thus,
themajority of platelet refractoriness is not a result of alloimmunization
l,
but is instead a result of clinical factors in the patient [3]. Indeed, in pa-
tients with both clinical and alloimmune factors for platelet refractori-
ness, use of HLA-selected platelet components may not substantially
improve the observed post-transfusion platelet increment [4]. The pur-
pose of this review is to summarize the clinical factors associated with
platelet refractoriness and highlight recent data describing biological
mechanisms that contribute to this phenomenon.

Many different factors related to the patient’s clinical state have
been implicated as causes of platelet refractoriness (Table 2) [5-7]. In
multivariate analyses conducted with different patient cohorts, spleno-
megaly, hematopoietic stem cell transplantation, disseminated intra-
vascular coagulation, fever, bleeding, and use of antimicrobial agents
have all been implicated in platelet refractoriness [8-12]. A subsequent
analysis of the Trial to Reduce Alloimmunization to Platelets (TRAP),
which enrolled 533 AML patients receiving induction chemotherapy
and captured data from 6379 platelet transfusions, quantified the
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Table 1
Definitions of platelet refractoriness.

Variable Formulae Suggested cut-offs defining clinical refractoriness

1 h 16-24 h

Platelet Increment (PI) Post-Pre <10 × 109/L <10 × 109/L
Percentage Platelet Recovery (PPR) [PI × TBV⁎ × 100%]/PD† <20% <10%
Corrected Count Increment (CCI) [PI × BSA‡]/PD† <5 × 109/L/m2 <2.5 × 109/L/m2

⁎Total blood volume (L); †platelet dose, typically 4 × 1011/component; ‡body surface area (m2)
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impact of various non-immune clinical factors on the 1- and 18-24-hour
post-transfusion increment. Aside from parity and gender, themost im-
portant factors that independently predicted a decrease in the post-
transfusion platelet count at either time point were splenomegaly, ex-
posure to amphotericin, bleeding, fever, and infection [12]. Interest-
ingly, transfusion sequence number was an independent, albeit minor,
predictor of a reduced platelet count increment at both 1- and 18- to
24-hour time points; the effect was most pronounced in the earliest
transfusions andwas independent of factors such as fever and infection.
The authors hypothesized that chemotherapy-induced endothelial
damage might mediate increased platelet adhesion and loss from the
circulation [12]. Therefore, clinical studies have reproducibly identified
a series of non-immune factors that can impact the outcome of platelet
transfusion. With the exception of splenomegaly, the factors identified
by these studies are presumed to either directly or indirectly reflect
pathophysiologic processes that lead to increased platelet consumption
in the patient.
Splenomegaly and Splenic Sequestration

The spleen influences post-transfusion platelet counts via sequestra-
tion. Seminal studies by Aster in which normal subjects and patients
with splenomegaly were infused with 51Cr-labeled platelets followed
by quantitation of radioactivity in organs via surface scintillation scan-
ning demonstrated that the spleen was the primary organ in which la-
beled platelets accumulated [13-15]. The accumulation of radiolabeled
platelets in the spleen following platelet transfusion was rapid, occur-
ring within approximately 10 minutes. With increasing splenomegaly,
the proportion of labeled platelets detectable in the peripheral blood de-
creasedwhile increasing in the spleen. Itwas estimated that at any given
time, 30% of total platelet mass resided in the spleen of normal subjects
and 50% to 90% of platelet mass in patients with splenomegaly [15]. In-
terestingly, epinephrine infusion increased circulating platelet levels in
individuals with spleens but not in asplenic individuals. Furthermore,
in patients with splenomegaly, the percent increase in platelet count
from baseline was almost double that observed in normal individuals.
Thus, platelet sequestrationwas reversible, and platelets could bemobi-
Table 2
Causes of platelet refractoriness

Antibody-mediated Non-antibody-mediated

Platelet alloantibodies Splenomegaly
Class I human leukocyte antigens Infection
Human platelet glycoproteins Fever
ABO Disseminated

intravascular coagulation
Platelet autoantibodies Amphotericin B
Drug-dependent platelet antibodies (eg, quinine,
β-lactam antibiotics, vancomycin)

Heparin

Immune complexes Bleeding
Graft versus host disease
Veno-occlusive disease
Transfusion sequence
number
Male sex
Increasing weight
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lized by stress [15], distinguishing splenomegaly fromconsumptive pro-
cesses in which transfused platelets are destroyed. Indeed, in many pa-
tients with splenomegaly, satisfactory post-transfusion increments may
be observed [9]. However, among the subset of patients with massive
splenomegaly resulting in repeatedly inadequate post-transfusion in-
crements, the efficacy of prophylactic platelet transfusion is uncertain.

Novel Mechanisms of Platelet Consumption

The systemic inflammatory response and sepsismay prompt platelet
consumption and thrombocytopenia through disseminated intravascu-
lar coagulation. However, recent work has highlighted multiple addi-
tional pathways through which infection and inflammation may lead
to thrombocytopenia, including through direct interactions between
platelets and pathogens, neutrophils and neutrophil extracellular
traps, histone proteins, and the activated endothelium. See Fig. 1. Addi-
tionally, new insights suggest mechanisms through which platelet acti-
vation may result in increased clearance of platelets via apoptosis and
desialylation.

Pathogen Recognition Receptor Signaling in Platelets

A series of studies over the last two decades have reported that
platelets express pathogen recognition receptors (PRRs), including
Toll-like receptors (TLRs) and NOD-like receptors. Prior to the discovery
of PRRs, Davis et al observed that intravenous injection of purified lipo-
polysaccharide (LPS) from E. coli was associated with rapid platelet
activation and profound thrombocytopenia [16]. More recently, several
independent groups showed that the receptor required for LPS-
mediated intracellular signaling, TLR4, is expressed on both human
and mouse platelets [17-19]. In mouse models, platelet expression of
TLR4 was involved in several LPS-induced platelet phenotypes,
including thrombocytopenia, adhesion to fibrinogen, P-selectin expres-
sion, and potentiation of thrombin- or collagen-induced aggregation
[17,18,20]. In addition to TLR4, it has been reported that platelets ex-
press TLR2 [18,19,21,22], TLR7 [23], TLR9 [24,25], and NOD2 [26], sug-
gesting that platelets are also potentially responsive to a wide range of
pathogen-associatedmolecular patterns. The bacterial cell wallmimetic,
Pam3CSK4, stimulated platelet aggregation that was significantly re-
duced by TLR2 genetic deletion or a TLR2-blocking antibody [22].
Thrombocytopenia that developed in mice treated with the guanosine
analog loxoribine or infected with encephalomyocarditis virus required
TLR7 [23]. Thon et al reported that platelets exposed to unmethylated
CpG DNA showed an increase in aggregation and P-selectin expression
that was reduced in the absence of TLR9 [25]. Finally, NOD2 was essen-
tial for the muramyl dipeptide-mediated potentiation of platelet aggre-
gation and ATP release after stimulationwith collagen or thrombin [26].

Despite these data, the role of PRR signaling in platelet activation re-
mains controversial. Several studies did not observe a significant change
in platelet aggregation or P-selectin expression after treatment with
agonists of TLR2, TLR4, or TLR9 [19,27-31]. In addition, platelet-specific
deletion of theMyD88 signaling adaptor, which is required for signaling
downstream of most TLRs, had a minimal effect on platelet counts and
P-selectin expression in mouse models of S. pneumoniae and
K. pneumoniae sepsis, implying that platelet TLR signaling may have a
limited role in the platelet activation and thrombocytopenia observed



Fig. 1. Non-alloimmune mechanisms of thrombocytopenia and refractoriness to platelet transfusion. Platelet interactions with neutrophils, microbial pathogens, and activated endothelium al
promote biological processes that lead to consumption and/or receptor-mediated clearance of endogenously produced and transfused platelets. AMR, Ashwell-Morell Receptor. NETs, neutrophi
extracellular traps. PAMPs, pathogen-associated molecular patterns.
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in systemic bacterial infections [30,32]. Whether engagement of TLRs
modulates platelet biology via “non-canonical” mechanisms [28] re-
mains an open question and deserves further investigation. However,
the existence of such mechanisms is suggested by multiple studies in
which binding of TLR4 by LPS alters platelet function in a TLR-
dependent manner, including mitochondrial function [28], fibrinogen
binding [17], neutrophil binding [17,27], and cytokine secretion [29].
Platelet Interactions with Bacteria

In addition to recognition of bacterial molecules via PRRs, platelet
binding to whole bacterial pathogens has been widely described [33].
Platelet-bacterium interactions can promote platelet activation and ag-
gregation through multiple mechanisms, including indirect binding to
a plasma protein that is subsequently bound by a platelet receptor or di-
rect bacterial protein binding to a platelet receptor. For example,
S. aureus ClfA and FnbpA/B proteins both bind to fibronectin and fibrin-
ogen, which facilitates interactionswith the GPIIb/IIIa receptor on plate-
lets [34]; another S. aureus surface protein, IsdB, promotes platelet-
bacterium interaction via direct binding to glycoprotein (GP) IIb/IIIa
[35].

Numerous other platelet-bacterium interactions involving staph-
ylococcal and streptococcal proteins have been characterized and are
presumed to play important roles in infective endocarditis and other
pathologic states [36]. Platelet activation driven by bacterial interac-
tions with GPIIb/IIIa and GPIbα receptors most likely contributes to
platelet aggregation and consumption in sepsis. Interestingly, H py-
lori binding to von Willebrand factor (vWF) promotes GPIbα-
mediated interactions with platelets [37], resulting in platelet activa-
tion, aggregation, and thrombocytopenia in a subset of patients.
Remarkably, antibiotic therapy for H pylori that effectively resolves
infection also normalizes platelet counts [38-41], suggesting that
platelet-bacterium interaction alone could be sufficient to cause
thrombocytopenia [42].
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Neutrophil Extracellular Traps and Histone Proteins

In response to infection, neutrophils release neutrophil extracellular
traps (NETs), which are composed of DNA, histones, and granule pro-
teins [43]. NET release is a host defense mechanism employed by neu-
trophils to trap and kill bacteria, however exuberant NET formation or
reducedNET clearance are implicated in numerous pathologic processes
including autoimmunity, thrombosis, ischemia-reperfusion injury, and
cancer progression [44-46]. Platelets appear to facilitate NET formation
and to bind NETs. Infusion of LPS in mice caused thrombocytopenia
and pulmonary sequestration of platelets through amechanism that re-
quired both neutrophils and platelet TLR4 [17]. LPS was subsequently
shown to bind platelet TLR4, leading to platelet activation and binding
to neutrophils. The interaction between activated platelets and neutro-
phils resulted in neutrophil activation, degranulation, and NET forma-
tion. Plasma from severely septic, thrombocytopenic patients also
stimulated NET release via TLR4-dependent platelet-neutrophil interac-
tions [27]. Platelets may stimulate NET release via signaling between
platelet P-selectin and neutrophil PSGL-1[47]. Platelets can bind directly
to histone/DNA complexes within NETs or via plasma proteins that dec-
orate NETs [46]. NET binding results in platelet adhesion, activation, and
aggregation in vitro [48]. Histone H3 and H4 are able to directly bind to
platelet TLR2 and TLR4 to mediate platelet aggregation [48,49]; platelet
aggregation requires both histone-induced calcium signaling to activate
GPIIb/IIIa and fibrinogen crosslinking of histone-coated platelets [49].
The pathophysiologic relevance of thesefindings is suggested bymurine
models in which NETs promote deep venous thrombosis [50,51] and
histone infusion induces profound thrombocytopenia in vivo [49].

In addition to NETs, cell injury and death are other sources of circu-
lating DNA and histones. High levels of circulating histones may be ob-
served in patients with sepsis [52-54] or following trauma [55] and
may contribute to end-organ injury [52,54,55]. In a murinemodel, infu-
sion of a sublethal dose of purifiedhistones resulted in pulmonary injury
characterized by accumulation of neutrophils and platelet-rich thrombi
in the alveolar microvessels, vacuolation of endothelial and epithelial

Image of Fig. 1
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cells, intra-alveolar hemorrhage with accumulation of fibrin as well as
platelet-rich microthrombi, and deposition of fibrin and collagen in
the interalveolar septae [52]. A relationship between circulating his-
tones and thrombocytopenia in the clinical setting is suggested by the
observation that high levels of plasma histones detected in critically ill
patients was associated with subsequent development of moderate to
severe thrombocytopenia [56].

Platelet Apoptosis

Apoptosis comprises an ordered series of biochemical and morpho-
logic changes that ultimately result in cell death [57]. Though nuclear
condensation is one of the original hallmark features of apoptosis [58],
it is now well-established that platelets, which lack a nucleus, can un-
dergo apoptosis [59]. In addition, several lines of evidence indicate
that apoptosis plays a significant role in determining platelet lifespan.
In this context, it is possible that clinical factors (eg, drugs, inflamma-
tion, infection) could affect the lifespan of endogenously-produced
and transfused platelets via accelerated apoptosis.

Oltersdorf et al reported a reduction in platelet counts in mice
treated with ABT-737, a small molecule antagonist targeting the
antiapoptotic proteins BCL2, BCL2L1 (aka BCL-xL), and BCL2L2 (aka
BCL-w) [60]; similarly, patients with lymphoid malignancies who re-
ceived a related compound with improved oral bioavailability, ABT-
263, also developed dose-limiting thrombocytopenia [61,62]. One
would predict that ABT-737 and ABT-263 also affect transfused plate-
lets, though there are currently no published data on platelet lifespan
after transfusion in mice or humans treated with either of these drugs.

Using a genome-wide screening approach inmice, Mason et al iden-
tified Bcl2l1 as a key determinant of platelet lifespan [63]. Moreover,
in vitro analyses demonstrated that both human andmouse platelets ex-
press BCL2, BCL2L1, and BCL2L2, suggesting that inhibition of
antiapoptotic pathways promotes platelet death and removal from the
circulation [64-66]. Genetic ablation or targeted inhibition of BCL2L1
alone was sufficient to recapitulate the thrombocytopenic phenotype
observed with ABT-737, demonstrating that the activity of BCL2L1 is es-
sential to prevent platelet apoptosis [64,67,68]. Interestingly, human
platelets exposed to E. coli or S. aureus showed rapid BCL2L1 degrada-
tion, mitochondrial depolarization, and cytoplasmic condensation, indi-
cating that bacteria or bacterial products have the capacity to induce
platelet apoptosis [69]; it is likely that both endogenously-produced
and transfused platelets would be affected by this pro-apoptotic
mechanism.

Inhibition of protein kinase A (PKA)may promote apoptosis in plate-
lets. A murine model in which PKA was knocked out only in the mega-
karyocytic lineage demonstrated that platelets in mice homozygous
for the deletion had a significantly shortened life span and the mice
themselves were thrombocytopenic. Interestingly, apoptosis was ob-
served in platelets from thrombocytopenic patients with immune
thrombocytopenic purpura (ITP), diabetes, and sepsis and was accom-
panied bymarkedly reduced PKA activity. Reduced PKA activity and ap-
optosis was detected in normal platelets following incubation in the
plasma from patients with ITP or diabetes [70]. Antibodies directed
against glycoprotein Ib⍺ (GPIb⍺) can induce platelet apoptosis
in vitro, which can be prevented by genetic or chemical inhibition of
the AKT, a serine/threonine kinase that functions upstream of PKA [71]
. Thus humoral factors may activate apoptotic pathways in platelets,
shortening their lifespan and resulting in thrombocytopenia.

Examination of mice lacking proapoptotic proteins also supports a
role for apoptosis in the regulation of platelet lifespan. Combined loss
of Bak and Bax, which drive apoptosis via mitochondrial perme-
abilization,was associatedwith a significant increase in platelet number
and survival in circulation [72]. In addition, thrombocytopenia in the
setting of BCL2L1 loss or inhibition by ABT-737 was completely rescued
in Bak/Bax double knockout mice, indicating that the equilibrium be-
tween pro- and antiapoptotic proteins is a key determinant of platelet
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lifespan [63,64,72]. Interestingly, platelet numbers and survival were
minimally affected in mice lacking upstream activator(s) of BAK and
BAX, including BAD, BBC3 (aka PUMA), BID, and BIM [64,73,74]; the ab-
sence of a robust platelet phenotype in these mice could reflect func-
tional redundancy among these proteins or the presence of a novel
BAK/BAX activation pathway.

Platelets also undergo phenotypic changes consistent with apopto-
sis, includingmitochondrial depolarization, cytochrome c release,mem-
brane blebbing and phosphatidylserine (PS) exposure [63,66,75]. In
nucleated cells, exposed PS is recognized by several receptors and se-
creted proteins, serving as a canonical “eat me” signal that promotes
cell clearance via phagocytosis [76]. Notably, PS exposure on platelets
occurs after activation with physiologic agonists and promotes the
procoagulant function of platelets by facilitating the assembly of tenase
and prothrombinase complexes [77,78]. The precise role of PS exposure
in platelet clearance is uncertain, though there is evidence frompatients
with acute myocardial infarction, bacteremia, dengue fever, and essen-
tial thrombocythemia suggesting that increased PS exposure is associ-
ated with platelet phagocytosis by neutrophils, macrophages, and
endothelial cells [79-82]. Activation of Akt by antibodies against GPIb⍺
results in exposure of PS on platelets and their phagocytosis by macro-
phages in the liver; conversely, inhibition of Akt signaling or prevention
of PS exposure rescues platelets from phagocytosis [71]. Interestingly,
platelet PS exposure due to activation and apoptosis appear to occur
via distinct molecular mechanisms [75,83]; whether thrombocytopenia
and platelet transfusion refractoriness in critically ill patients are pre-
dominantly linked to one or both of these mechanisms remains to be
determined.

Platelet Desialylation

O- and N-linked glycans decorating platelet glycoproteins, particu-
larly GPIb⍺, terminate in sialic acid residues [84]. Removal of sialic
acids, or desialylation, exposes β-galactose moieties to which the sialic
acids were linked. Exposed β-galactose on the surface of the platelet
can lead to its binding and clearance from the blood via the Ashwell-
Morrell receptor (AMR, also known as the asialoglycoprotein receptor)
on hepatocytes and Kupffer cells [85-87]. Desialylation occurs as plate-
lets age and may be a mechanism for removal of senescent platelets
[86,88]. In a murinemodel of S. pneumoniae sepsis, marked thrombocy-
topenia results not from disseminated intravascular coagulation but is
instead the result of platelet desialylation by the bacterial NanA neur-
aminidase, leading to platelet clearance by the AMR [89,90]. Similarly,
Jansen et al recently reported that binding of influenza virus to platelet
sialoglycanswas associatedwith platelet desialylation by the viral neur-
aminidase [91], providing a possible mechanistic explanation for the
thrombocytopenia observed in influenza-infected patients [92].

Interestingly, platelet activation also leads to desialylation. In mice,
translocation and surface expression of endogenous platelet lysosomal
neuraminidase occurs after platelet activation with antibodies directed
against GPIb⍺, leading to platelet desialylation. Desialylation results in
platelet clearance and thrombocytopenia in an Fc receptor (FcR)-inde-
pendent mechanism that depends upon the AMR [93]. In patients with
immune thrombocytopenic purpura, detection of autoantibodies
targeting GPIb⍺ predicts refractoriness to therapies that inhibit clear-
ance by the FcR (ie, steroids and intravenous immunoglobulin), suggest-
ing that platelet activation, desialylation, and AMR-mediated platelet
clearance may be a key driver of thrombocytopenia in these patients
[94,95]. In this context, increased platelet activation observed in SARS-
CoV2 infection may underlie the thrombocytopenia and thromboem-
bolic complications observed in patients with severe COVID-19 [96-
98], though platelet sialylation in COVID-19 patients has yet to be exam-
ined. Binding of soluble vWF to platelet GPIb⍺ under shear stress also
results in platelet signaling, activation, desialylation and clearance. The
mechanism of platelet activation involves shear stress-induced
unfolding of a mechanosensory domain of GPIb⍺ that occurs when
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vWF binds, leading to platelet signaling and activation [99]. This mech-
anismmay explainwhy increased binding of vWF to platelets, as in type
2B vonWillebrand disease or following administration of ristocetin, re-
sults in thrombocytopenia [84]. Interestingly, platelet desialylation
resulting from a marked increase in vWF binding to platelets is thought
to mediate the thrombocytopenia observed in patients with acute den-
gue infection [100].

The clinical relevance of desialylation as amechanism of thrombocy-
topenia in critically ill patients is supported by a recent prospective
study [101]. Patients meeting the clinical definitions of sepsis, severe
sepsis, and septic shockwere stratified by the presence of thrombocyto-
penia, defined as a platelet count <100X109/L. The degree of platelet
desialylation was compared between septic patients with and without
thrombocytopenia and was found to be significantly greater among
the group with thrombocytopenia. The patients enrolled in this study
who met clinical criteria for severe sepsis with a platelet count
≤50X109/L were further enrolled in a clinical trial in which they were
randomized to receive standard antimicrobial therapy versus antimicro-
bial therapy combined with oseltamivir, a neuraminidase inhibitor that
has clinical utility for the treatment and prevention of influenza. In com-
parison with patients receiving standard of care, a larger proportion of
patients receiving oseltamivir increased their platelet count to at least
100X109/L during the trial. Additionally, patients in the oseltamivir
arm had a shorter duration of thrombocytopenia and received fewer
platelet transfusions. Nevertheless, there was no impact of treatment
with oseltamivir on overall 28-day mortality [101].

Endothelial activation and ADAMTS13 activity

Under healthy, steady-state conditions, platelet interactionswith en-
dothelial cells are limited by the endothelial glycocalyx, which serves
the dual purposes of electrostatic repulsion and masking of platelet ad-
hesion receptors [102]. Endothelial nitric oxide, prostacyclin, and CD39
ecto-ATPase activity also regulate platelet-endothelium interactions by
inhibiting the surface expression of adhesion receptors on both platelets
and endothelial cells [103]. Impairment of the endothelial mechanisms
that prevent platelet adhesion occurs in numerous pathologic states, in-
cluding ischemia [104], chronic kidney disease [105], hyperglycemia
[106], dyslipidemia[107], trauma[108], inflammation [109], and sepsis
[110]; it has also been suggested that platelet-endothelial interactions
can initiate the development of atherosclerotic lesions [111,112].
These pathologic states are often associatedwith inflammatory cytokine
production that leads to endothelial activation [113-115], which is
marked by E-selectin, P-selectin, and vWF exposure on the endothelial
luminal surface [116]. Endothelial P-selectin engages P-selectin glyco-
protein ligand-1 (PSGL-1) or GPIbα on platelets to support platelet
rolling along the endothelium [117-121]; platelet GPIbα binding to en-
dothelial vWF also enables platelet rolling [122,123].With additional in-
flammation and platelet activation, fibrinogen can facilitate firm
adhesion of platelets to the endothelial surface by bridging platelet
integrin αIIbβ3 with endothelial intercellular adhesion molecule-1
(ICAM-1) or αVβ3 [124]. Finally, activated platelets can promote endo-
thelial cell activation [125,126], indicating that platelets have the capac-
ity to initiate and sustain platelet-endothelial interactions.

It is likely that enhanced platelet-endothelial interaction contributes
directly to thrombocytopenia in critically ill patients. Gawaz et al ob-
served a significant increase in platelet-endothelial interaction in vitro
when normal donor platelets were treated with plasma from septic pa-
tients compared to plasma from healthy individuals [127]. ADAMTS13
(a disintegrin-like andmetalloprotease with thrombospondin type I re-
peats 13) activity, which is required for the cleavage of vWF that re-
leases platelets from endothelial interaction, is reduced in a significant
fraction of critically ill, thrombocytopenic adults and children [128]. No-
tably, these patients are distinct from patients with thrombotic throm-
bocytopenic purpura (TTP): they typically have higher platelet counts
and measurable ADAMTS13 activity (11-40% of normal); they do not
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harbor the autoantibodies that directly inhibit ADAMTS13 function,
which are pathognomonic for TTP; and they do not respond to plasma
exchange [129-131]. Not surprisingly, ADAMTS13 deficiency associated
with critical illness and thrombocytopenia has been detected in the set-
ting of sepsis with consumptive coagulopathy [130,132-143]; thrombo-
cytopenic patientswith non-infectious systemic inflammation have also
been described to have below normal ADAMTS13 activity, though levels
are typically higher in these patients compared to those with sepsis
[132,134].

Conclusions

Splenic sequestration and disease processes that result in increased
platelet consumption can result in refractoriness to platelet transfusion.
Myriad mechanisms have been defined that potentially explain why
thrombocytopenia and refractoriness to platelet transfusion are
reproducibly observed in the setting of infection and inflammation. Un-
derstanding these pathophysiologic processes may lead to novel thera-
peutic interventions in the future, such as the use of neuraminidase
inhibitors in patients with sepsis [101]. However, readers of this review
aremost probably confrontedwith the dilemma of what to offer now to
the severely thrombocytopenic patient who is bleeding and unrespon-
sive to platelet transfusion. On this question, there is little clinical guid-
ance. After exonerating antibody-mediated clearance as a cause of
platelet refractoriness, there is no product selection strategy available
that will temper other mechanisms that significantly reduce platelet
lifespan in the circulation. Attempting to exceed a defined platelet
count threshold, which is itself anecdotally determined, with repeated
platelet transfusions is unproven as a therapeutic intervention to treat
bleeding, risks volume overload in the patient and contributes to local,
regional, and national platelet shortages. Treatment decisions should
be guided by careful assessment of the patient and the nature of the pa-
tient’s bleeding. Where possible, local bleeding should be addressed
through local measures, such as packing for a nosebleed, rather than
platelet transfusion. Additionally, consideration should be given to ad-
ministration of antifibrinolytic agents such as epsilon aminocaproic
acid or tranexamic acid [7,144]; multiple clinical case series suggest
benefit in bleeding patients with thrombocytopenia [145-147]. Ran-
domized controlled trials using tranexamic acid in diverse clinical set-
tings have demonstrated safety and observed no to minimal risk of
thrombosis [148-150]. Prophylactic use of tranexamic acid in patients
with hematologic malignancies receiving chemotherapy or stem cell
transplant is currently being studied in a double-blind randomized con-
trolled trial, the TREATT Trial [151]. In conclusion, platelet transfusion
refractoriness due to clinical factors associated with critical illness are
often unavoidable and unmodifiable, representing a significant thera-
peutic challenge and opportunity. As inmany areas of transfusion med-
icine, well-designed clinical studies are needed to inform treatment
decisions in this setting.

Conflict of interest

The authors have disclosed no conflicts of interest.

Acknowledgments

Dr. Belizaire receives grant support from ASH-AMFDP.

References

[1] G. Trial to Reduce Alloimmunization to Platelets Study. Leukocyte reduction and ul-
traviolet B irradiation of platelets to prevent alloimmunization and refractoriness to
platelet transfusions. N Engl J Med. 1997;337:1861–9.

[2] Hess JR, Trachtenberg FL, Assmann SF, Triulzi DJ, Kaufman RM, Strauss RG, et al.
Clinical and laboratory correlates of platelet alloimmunization and refractoriness
in the PLADO trial. Vox Sang. 2016;111:281–91.

http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0005
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0005
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0005
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0010
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0010
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0010


R. Belizaire and R.S. Makar Transfusion Medicine Reviews 34 (2020) 242–249
[3] Doughty HA, Murphy MF, Metcalfe P, Rohatiner AZ, Lister TA, Waters AH. Relative
importance of immune and non-immune causes of platelet refractoriness. Vox
Sang. 1994;66:200–5.

[4] Rioux-Masse B, Cohn C, Lindgren B, Pulkrabek S, McCullough J. Utilization of cross-
matched or HLA-matched platelets for patients refractory to platelet transfusion.
Transfusion. 2014;54:3080–7.

[5] Rebulla P. Refractoriness to platelet transfusion. Curr Opin Hematol. 2002;9:
516–20.

[6] Vassallo Jr RR. New paradigms in the management of alloimmune refractoriness to
platelet transfusions. Curr Opin Hematol. 2007;14:655–63.

[7] Stanworth SJ, Navarrete C, Estcourt L, Marsh J. Platelet refractoriness–practical ap-
proaches and ongoing dilemmas in patient management. Br J Haematol. 2015;
171:297–305.

[8] Bishop JF, McGrath K, Wolf MM, Matthews JP, De Luise T, Holdsworth R, et al. Clinical
factors influencing the efficacy of pooled platelet transfusions. Blood. 1988;71:383–7.

[9] Hussein MA, Lee EJ, Schiffer CA. Platelet transfusions administered to patients with
splenomegaly. Transfusion. 1990;30:508–10.

[10] Alcorta I, Pereira A, Ordinas A. Clinical and laboratory factors associated with plate-
let transfusion refractoriness: a case-control study. Br J Haematol. 1996;93:220–4.

[11] Bock M, Muggenthaler KH, Schmidt U, Heim MU. Influence of antibiotics on post-
transfusion platelet increment. Transfusion. 1996;36:952–4.

[12] Slichter SJ, Davis K, Enright H, Braine H, Gernsheimer T, Kao KJ, et al. Factors affect-
ing posttransfusion platelet increments, platelet refractoriness, and platelet trans-
fusion intervals in thrombocytopenic patients. Blood. 2005;105:4106–14.

[13] Aster RH, Jandl JH. Platelet sequestration in man. I. Methods. J Clin Invest. 1964;43:
843–55.

[14] Aster RH. Effect of anticoagulant and ABO incompatibility on recovery of transfused
human platelets. Blood. 1965;26:732–43.

[15] Aster RH. Pooling of platelets in the spleen: role in the pathogenesis of
"hypersplenic" thrombocytopenia. J Clin Invest. 1966;45:645–57.

[16] Davis RB, MeekerWR, Mc QD. Immediate effects of intravenous endotoxin on sero-
tonin concentrations and blood platelets. Circ Res. 1960;8:234–9.

[17] Andonegui G, Kerfoot SM, McNagny K, Ebbert KV, Patel KD, Kubes P. Platelets ex-
press functional Toll-like receptor-4. Blood. 2005;106:2417–23.

[18] Aslam R, Speck ER, Kim M, Crow AR, Bang KW, Nestel FP, et al. Platelet Toll-like re-
ceptor expression modulates lipopolysaccharide-induced thrombocytopenia and
tumor necrosis factor-alpha production in vivo. Blood. 2006;107:637–41.

[19] Ward JR, Bingle L, Judge HM, Brown SB, Storey RF, WhyteMK, et al. Agonists of toll-
like receptor (TLR)2 and TLR4 are unable to modulate platelet activation by aden-
osine diphosphate and platelet activating factor. Thromb Haemost. 2005;94:831–8.

[20] Zhang G, Han J, Welch EJ, Ye RD, Voyno-Yasenetskaya TA, Malik AB, et al. Lipopoly-
saccharide stimulates platelet secretion and potentiates platelet aggregation via
TLR4/MyD88 and the cGMP-dependent protein kinase pathway. J Immunol.
2009;182:7997–8004.

[21] Biswas S, Xin L, Panigrahi S, Zimman A, Wang H, Yakubenko VP, et al. Novel phos-
phatidylethanolamine derivatives accumulate in circulation in hyperlipidemic
ApoE-/- mice and activate platelets via TLR2. Blood. 2016;127:2618–29.

[22] Blair P, Rex S, Vitseva O, Beaulieu L, Tanriverdi K, Chakrabarti S, et al. Stimulation of
Toll-like receptor 2 in human platelets induces a thromboinflammatory response
through activation of phosphoinositide 3-kinase. Circ Res. 2009;104:346–54.

[23] Koupenova M, Vitseva O, MacKay CR, Beaulieu LM, Benjamin EJ, Mick E, et al.
Platelet-TLR7 mediates host survival and platelet count during viral infection in
the absence of platelet-dependent thrombosis. Blood. 2014;124:791–802.

[24] Panigrahi S, Ma Y, Hong L, Gao D,West XZ, Salomon RG, et al. Engagement of plate-
let toll-like receptor 9 by novel endogenous ligands promotes platelet hyperreac-
tivity and thrombosis. Circ Res. 2013;112:103–12.

[25] Thon JN, Peters CG, Machlus KR, Aslam R, Rowley J, Macleod H, et al. T granules in
human platelets function in TLR9 organization and signaling. J Cell Biol. 2012;198:
561–74.

[26] Zhang S, Zhang S, Hu L, Zhai L, Xue R, Ye J, et al. Nucleotide-binding oligomerization
domain 2 receptor is expressed in platelets and enhances platelet activation and
thrombosis. Circulation. 2015;131:1160–70.

[27] Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al. Platelet TLR4
activates neutrophil extracellular traps to ensnare bacteria in septic blood. NatMed.
2007;13:463–9.

[28] Claushuis TAM, Van Der Veen AIP, Horn J, Schultz MJ, Houtkooper RH, Van 't Veer C,
et al. Platelet Toll-like receptor expression and activation induced by lipopolysac-
charide and sepsis. Platelets. 2019;30:296–304.

[29] Cognasse F, Hamzeh-Cognasse H, Lafarge S, Delezay O, Pozzetto B, McNicol A, et al.
Toll-like receptor 4 ligand can differentially modulate the release of cytokines by
human platelets. Br J Haematol. 2008;141:84–91.

[30] de Stoppelaar SF, Claushuis TA, SchaapMC, Hou B, van der Poll T, Nieuwland R, et al.
Toll-like receptor signalling is not involved in platelet response to Streptococcus
pneumoniae in vitro or in vivo. PLoS One. 2016;11:e0156977.

[31] Sheu JR, HungWC, Kan YC, Lee YM, YenMH. Mechanisms involved in the antiplate-
let activity of Escherichia coli lipopolysaccharide in human platelets. Br J Haematol.
1998;103:29–38.

[32] de Stoppelaar SF, Claushuis TA, Jansen MP, Hou B, Roelofs JJ, van 't Veer C, et al. The
role of platelet MyD88 in host response during gram-negative sepsis. J Thromb
Haemost. 2015;13:1709–20.

[33] Fitzgerald JR, Foster TJ, Cox D. The interaction of bacterial pathogens with platelets.
Nat Rev Microbiol. 2006;4:445–57.

[34] O'Brien L, Kerrigan SW, Kaw G, Hogan M, Penades J, Litt D, et al. Multiple mecha-
nisms for the activation of human platelet aggregation by Staphylococcus aureus:
roles for the clumping factors ClfA and ClfB, the serine-aspartate repeat protein
SdrE and protein A. Mol Microbiol. 2002;44:1033–44.
247
[35] Miajlovic H, Zapotoczna M, Geoghegan JA, Kerrigan SW, Speziale P, Foster TJ.
Direct interaction of iron-regulated surface determinant IsdB of Staphylococ-
cus aureus with the GPIIb/IIIa receptor on platelets. Microbiology. 2010;156:
920–8.

[36] Cox D, Kerrigan SW, Watson SP. Platelets and the innate immune system: mecha-
nisms of bacterial-induced platelet activation. J Thromb Haemost. 2011;9:
1097–107.

[37] Byrne MF, Kerrigan SW, Corcoran PA, Atherton JC, Murray FE, Fitzgerald DJ, et al.
Helicobacter pylori binds von Willebrand factor and interacts with GPIb to induce
platelet aggregation. Gastroenterology. 2003;124:1846–54.

[38] Arnold DM, Bernotas A, Nazi I, Stasi R, Kuwana M, Liu Y, et al. Platelet count re-
sponse to H. pylori treatment in patients with immune thrombocytopenic purpura
with and without H. pylori infection: a systematic review. Haematologica. 2009;94:
850–6.

[39] Kohda K, Kuga T, Kogawa K, Kanisawa Y, Koike K, Kuroiwa G, et al. Effect of
Helicobacter pylori eradication on platelet recovery in Japanese patients with
chronic idiopathic thrombocytopenic purpura and secondary autoimmune throm-
bocytopenic purpura. Br J Haematol. 2002;118:584–8.

[40] Rostami N, Keshtkar-Jahromi M, Rahnavardi M, Keshtkar-Jahromi M, Esfahani FS.
Effect of eradication of Helicobacter pylori on platelet recovery in patients with
chronic idiopathic thrombocytopenic purpura: a controlled trial. Am J Hematol.
2008;83:376–81.

[41] Sato R, Murakami K, Watanabe K, Okimoto T, Miyajima H, Ogata M, et al. Effect of
Helicobacter pylori eradication on platelet recovery in patients with chronic idio-
pathic thrombocytopenic purpura. Arch Intern Med. 2004;164:1904–7.

[42] Yeh JJ, Tsai S, Wu DC, Wu JY, Liu TC, Chen A. P-selectin-dependent platelet aggrega-
tion and apoptosis may explain the decrease in platelet count during Helicobacter
pylori infection. Blood. 2010;115:4247–53.

[43] Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. Neu-
trophil extracellular traps kill bacteria. Science. 2004;303:1532–5.

[44] Castanheira FVS, Kubes P. Neutrophils and NETs in modulating acute and chronic
inflammation. Blood. 2019;133:2178–85.

[45] Wong SL, Wagner DD. Peptidylarginine deiminase 4: a nuclear button triggering
neutrophil extracellular traps in inflammatory diseases and aging. FASEB J. 2018;
32(12):6358–70 fj201800691R.

[46] Sorvillo N, Cherpokova D, Martinod K, Wagner DD. Extracellular DNA NET-Works
with dire consequences for health. Circ Res. 2019;125:470–88.

[47] Etulain J, Martinod K, Wong SL, Cifuni SM, Schattner M,Wagner DD. P-selectin pro-
motes neutrophil extracellular trap formation in mice. Blood. 2015;126:242–6.

[48] Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers Jr DD, et al. Ex-
tracellular DNA traps promote thrombosis. Proc Natl Acad Sci U S A. 2010;107:
15880–5.

[49] Fuchs TA, Bhandari AA, Wagner DD. Histones induce rapid and profound thrombo-
cytopenia in mice. Blood. 2011;118:3708–14.

[50] von Bruhl ML, Stark K, Steinhart A, Chandraratne S, Konrad I, LorenzM, et al. Mono-
cytes, neutrophils, and platelets cooperate to initiate and propagate venous throm-
bosis in mice in vivo. J Exp Med. 2012;209:819–35.

[51] Yago T, Liu Z, Ahamed J, McEver RP. Cooperative PSGL-1 and CXCR2 signaling in
neutrophils promotes deep vein thrombosis in mice. Blood. 2018;132:1426–37.

[52] Xu J, Zhang X, Pelayo R, Monestier M, Ammollo CT, Semeraro F, et al. Extracellular
histones are major mediators of death in sepsis. Nat Med. 2009;15:1318–21.

[53] Ekaney ML, Otto GP, Sossdorf M, Sponholz C, Boehringer M, Loesche W, et al. Im-
pact of plasma histones in human sepsis and their contribution to cellular injury
and inflammation. Crit Care. 2014;18:543.

[54] Alhamdi Y, Abrams ST, Cheng Z, Jing S, Su D, Liu Z, et al. Circulating histones are
major mediators of cardiac injury in patients with sepsis. Crit Care Med. 2015;43:
2094–103.

[55] Abrams ST, Zhang N, Manson J, Liu T, Dart C, Baluwa F, et al. Circulating histones are
mediators of trauma-associated lung injury. Am J Respir Crit Care Med. 2013;187:
160–9.

[56] Alhamdi Y, Abrams ST, Lane S, Wang G, Toh CH. Histone-associated thrombocyto-
penia in patients who are critically ill. JAMA. 2016;315:817–9.

[57] Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol. 2007;35:
495–516.

[58] Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon with wide-
ranging implications in tissue kinetics. Br J Cancer. 1972;26:239–57.

[59] Kile BT. The role of apoptosis in megakaryocytes and platelets. Br J Haematol. 2014;
165:217–26.

[60] Oltersdorf T, Elmore SW, Shoemaker AR, Armstrong RC, Augeri DJ, Belli BA, et al. An
inhibitor of Bcl-2 family proteins induces regression of solid tumours. Nature. 2005;
435:677–81.

[61] Roberts AW, Seymour JF, Brown JR,WierdaWG, Kipps TJ, Khaw SL, et al. Substantial
susceptibility of chronic lymphocytic leukemia to BCL2 inhibition: results of a phase
I study of navitoclax in patients with relapsed or refractory disease. J Clin Oncol.
2012;30:488–96.

[62] Wilson WH, O'Connor OA, Czuczman MS, LaCasce AS, Gerecitano JF, Leonard JP,
et al. Navitoclax, a targeted high-affinity inhibitor of BCL-2, in lymphoid malignan-
cies: a phase 1 dose-escalation study of safety, pharmacokinetics, pharmacody-
namics, and antitumour activity. Lancet Oncol. 2010;11:1149–59.

[63] Mason KD, Carpinelli MR, Fletcher JI, Collinge JE, Hilton AA, Ellis S, et al. Pro-
grammed anuclear cell death delimits platelet life span. Cell. 2007;128:1173–86.

[64] Kodama T, Takehara T, Hikita H, Shimizu S, Shigekawa M, Li W, et al. BH3-only
activator proteins Bid and Bim are dispensable for Bak/Bax-dependent throm-
bocyte apoptosis induced by Bcl-xL deficiency: molecular requisites for the
mitochondrial pathway to apoptosis in platelets. J Biol Chem. 2011;286:
13905–13.

http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0015
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0015
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0015
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0020
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0020
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0020
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0025
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0025
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0030
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0030
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0035
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0035
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0035
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0040
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0040
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0045
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0045
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0050
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0050
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0055
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0055
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0060
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0060
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0060
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0065
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0065
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0070
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0070
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0075
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0075
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0080
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0080
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0085
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0085
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0090
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0090
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0090
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0095
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0095
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0095
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0100
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0100
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0100
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0100
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0105
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0105
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0105
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0110
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0110
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0110
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0115
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0115
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0115
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0120
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0120
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0120
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0125
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0125
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0125
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0130
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0130
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0130
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0135
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0135
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0135
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0140
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0140
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0140
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0145
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0145
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0145
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0150
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0150
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0150
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0155
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0155
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0155
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0160
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0160
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0160
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0165
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0165
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0170
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0170
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0170
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0170
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0175
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0175
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0175
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0175
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0180
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0180
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0180
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0185
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0185
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0185
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0190
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0190
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0190
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0190
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0195
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0195
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0195
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0195
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0200
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0200
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0200
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0200
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0205
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0205
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0205
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0210
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0210
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0210
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0215
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0215
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0220
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0220
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0225
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0225
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0225
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0230
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0230
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0235
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0235
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0240
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0240
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0240
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0245
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0245
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0250
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0250
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0250
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0255
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0255
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0260
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0260
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0265
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0265
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0265
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0270
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0270
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0270
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0275
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0275
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0275
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0280
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0280
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0285
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0285
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0290
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0290
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0295
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0295
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0300
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0300
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0300
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0305
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0305
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0305
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0305
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0310
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0310
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0310
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0310
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0315
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0315
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0320
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0320
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0320
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0320
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0320


R. Belizaire and R.S. Makar Transfusion Medicine Reviews 34 (2020) 242–249
[65] Vanags DM, Orrenius S, Aguilar-SantelisesM. Alterations in Bcl-2/Bax protein levels
in platelets form part of an ionomycin-induced process that resembles apoptosis. Br
J Haematol. 1997;99:824–31.

[66] Zhang H, Nimmer PM, Tahir SK, Chen J, Fryer RM, Hahn KR, et al. Bcl-2 family pro-
teins are essential for platelet survival. Cell Death Differ. 2007;14:943–51.

[67] Tao ZF, Hasvold L, Wang L, Wang X, Petros AM, Park CH, et al. Discovery of a potent
and selective BCL-XL inhibitor with in vivo activity. ACS Med Chem Lett. 2014;5:
1088–93.

[68] Wagner KU, Claudio E, Rucker 3rd EB, Riedlinger G, Broussard C, Schwartzberg PL,
et al. Conditional deletion of the Bcl-x gene from erythroid cells results in hemolytic
anemia and profound splenomegaly. Development. 2000;127:4949–58.

[69] Kraemer BF, Campbell RA, Schwertz H, Franks ZG, Vieira de Abreu A, Grundler K,
et al. Bacteria differentially induce degradation of Bcl-xL, a survival protein, by
human platelets. Blood. 2012;120:5014–20.

[70] Zhao L, Liu J, He C, Yan R, Zhou K, Cui Q, et al. Protein kinase A determines platelet
life span and survival by regulating apoptosis. J Clin Invest. 2017;127:4338–51.

[71] Chen M, Yan R, Zhou K, Li X, Zhang Y, Liu C, et al. Akt-mediated platelet apoptosis
and its therapeutic implications in immune thrombocytopenia. Proc Natl Acad Sci
U S A. 2018;115:E10682–91.

[72] Josefsson EC, James C, Henley KJ, Debrincat MA, Rogers KL, Dowling MR, et al.
Megakaryocytes possess a functional intrinsic apoptosis pathway that must be re-
strained to survive and produce platelets. J Exp Med. 2011;208:2017–31.

[73] Delbridge AR, Chappaz S, Ritchie ME, Kile BT, Strasser A, Grabow S. Loss of PUMA
(BBC3) does not prevent thrombocytopenia caused by the loss of BCL-XL
(BCL2L1). Br J Haematol. 2016;174:962–9.

[74] Kelly PN, White MJ, Goschnick MW, Fairfax KA, Tarlinton DM, Kinkel SA, et al. Indi-
vidual and overlapping roles of BH3-only proteins Bim and Bad in apoptosis of lym-
phocytes and platelets and in suppression of thymic lymphoma development. Cell
Death Differ. 2010;17:1655–64.

[75] Schoenwaelder SM, Yuan Y, Josefsson EC, White MJ, Yao Y, Mason KD, et al. Two
distinct pathways regulate platelet phosphatidylserine exposure and procoagulant
function. Blood. 2009;114:663–6.

[76] Segawa K, Nagata S. An apoptotic 'eat me' signal: phosphatidylserine exposure.
Trends Cell Biol. 2015;25:639–50.

[77] Bevers EM, Comfurius P, van Rijn JL, Hemker HC, Zwaal RF. Generation of
prothrombin-converting activity and the exposure of phosphatidylserine at the
outer surface of platelets. Eur J Biochem. 1982;122:429–36.

[78] Yang H, Kim A, David T, Palmer D, Jin T, Tien J, et al. TMEM16F forms a Ca2+-acti-
vated cation channel required for lipid scrambling in platelets during blood coagu-
lation. Cell. 2012;151:111–22.

[79] Ji S, Dong W, Qi Y, Gao H, Zhao D, Xu M, et al. Phagocytosis by endothelial cells in-
hibits procoagulant activity of platelets of essential thrombocythemia in vitro. J
Thromb Haemost. 2020;18:222–33.

[80] Ma R, Xie R, Yu C, Si Y, Wu X, Zhao L, et al. Phosphatidylserine-mediated platelet
clearance by endothelium decreases platelet aggregates and procoagulant activity
in sepsis. Sci Rep. 2017;7:4978.

[81] Maugeri N, Rovere-Querini P, Evangelista V, Covino C, Capobianco A, Bertilaccio MT,
et al. Neutrophils phagocytose activated platelets in vivo: a phosphatidylserine, P-
selectin, and {beta}2 integrin-dependent cell clearance program. Blood. 2009;113:
5254–65.

[82] Ojha A, Nandi D, Batra H, Singhal R, Annarapu GK, Bhattacharyya S, et al. Platelet ac-
tivation determines the severity of thrombocytopenia in dengue infection. Sci Rep.
2017;7:41697.

[83] van Kruchten R, Mattheij NJ, Saunders C, FeijgeMA, Swieringa F,Wolfs JL, et al. Both
TMEM16F-dependent and TMEM16F-independent pathways contribute to
phosphatidylserine exposure in platelet apoptosis and platelet activation. Blood.
2013;121:1850–7.

[84] Quach ME, Chen W, Li R. Mechanisms of platelet clearance and translation to im-
prove platelet storage. Blood. 2018;131:1512–21.

[85] Rumjantseva V, Grewal PK, Wandall HH, Josefsson EC, Sorensen AL, Larson G, et al.
Dual roles for hepatic lectin receptors in the clearance of chilled platelets. Nat Med.
2009;15:1273–80.

[86] Sorensen AL, Rumjantseva V, Nayeb-Hashemi S, Clausen H, Hartwig JH, Wandall
HH, et al. Role of sialic acid for platelet life span: exposure of beta-galactose results
in the rapid clearance of platelets from the circulation by asialoglycoprotein
receptor-expressing liver macrophages and hepatocytes. Blood. 2009;114:
1645–54.

[87] Li Y, Fu J, Ling Y, Yago T, McDaniel JM, Song J, et al. Sialylation on O-glycans protects
platelets from clearance by liver Kupffer cells. Proc Natl Acad Sci U S A. 2017;114:
8360–5.

[88] Soslau G, Giles J. The loss of sialic acid and its prevention in stored human platelets.
Thromb Res. 1982;26:443–55.

[89] Grewal PK, Uchiyama S, Ditto D, Varki N, Le DT, Nizet V, et al. The Ashwell receptor
mitigates the lethal coagulopathy of sepsis. Nat Med. 2008;14:648–55.

[90] Grewal PK, Aziz PV, Uchiyama S, Rubio GR, Lardone RD, Le D, et al. Inducing host
protection in pneumococcal sepsis by preactivation of the Ashwell-Morell receptor.
Proc Natl Acad Sci U S A. 2013;110:20218–23.

[91] Jansen AJG, Spaan T, Low HZ, Di Iorio D, van den Brand J, Tieke M, et al. Influenza-
induced thrombocytopenia is dependent on the subtype and sialoglycan receptor
and increases with virus pathogenicity. Blood Adv. 2020;4:2967–78.

[92] Jain S, Kamimoto L, Bramley AM, Schmitz AM, Benoit SR, Louie J, et al. Hospitalized
patients with 2009 H1N1 influenza in the United States, April-June 2009. N Engl J
Med. 2009;361:1935–44.

[93] Li J, van der Wal DE, Zhu G, Xu M, Yougbare I, Ma L, et al. Desialylation is a mech-
anism of Fc-independent platelet clearance and a therapeutic target in immune
thrombocytopenia. Nat Commun. 2015;6:7737.
248
[94] Zeng Q, Zhu L, Tao L, Bao J, Yang M, Simpson EK, et al. Relative efficacy of steroid
therapy in immune thrombocytopenia mediated by anti-platelet GPIIbIIIa versus
GPIbalpha antibodies. Am J Hematol. 2012;87:206–8.

[95] Peng J, Ma SH, Liu J, Hou Y, Liu XM, Niu T, et al. Association of autoantibody speci-
ficity and response to intravenous immunoglobulin G therapy in immune throm-
bocytopenia: a multicenter cohort study. J Thromb Haemost. 2014;12:497–504.

[96] Hottz ED, Azevedo-Quintanilha IG, Palhinha L, Teixeira L, Barreto EA, Pao CRR, et al.
Platelet activation and platelet-monocyte aggregates formation trigger tissue factor
expression in severe COVID-19 patients. Blood. 2020. https://doi.org/10.1182/
blood.2020007252.

[97] Jiang SQ, Huang QF, Xie WM, Lv C, Quan XQ. The association between severe
COVID-19 and low platelet count: evidence from 31 observational studies involv-
ing 7613 participants. Br J Haematol. 2020;190:e29–33.

[98] Connors JM, Levy JH. COVID-19 and its implications for thrombosis and
anticoagulation. Blood. 2020;135:2033–40.

[99] DengW, Xu Y, ChenW, Paul DS, Syed AK, Dragovich MA, et al. Platelet clearance via
shear-induced unfolding of a membrane mechanoreceptor. Nat Commun. 2016;
7:12863.

[100] Riswari SF, Tunjungputri RN, Kullaya V, Garishah FM, Utari GSR, Farhanah N, et al.
Desialylation of platelets induced by Von Willebrand Factor is a novel mechanism
of platelet clearance in dengue. PLoS Pathog. 2019;15:e1007500.

[101] Li MF, Li XL, Fan KL, Yu YY, Gong J, Geng SY, et al. Platelet desialylation is a novel
mechanism and a therapeutic target in thrombocytopenia during sepsis: an
open-label, multicenter, randomized controlled trial. J Hematol Oncol. 2017;
10:104.

[102] Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, oude Egbrink MG. The endothelial
glycocalyx: composition, functions, and visualization. Pflugers Arch. 2007;454:
345–59.

[103] Jin RC, Voetsch B, Loscalzo J. Endogenous mechanisms of inhibition of platelet func-
tion. Microcirculation. 2005;12:247–58.

[104] RehmM, Bruegger D, Christ F, Conzen P, Thiel M, Jacob M, et al. Shedding of the en-
dothelial glycocalyx in patients undergoing major vascular surgery with global and
regional ischemia. Circulation. 2007;116:1896–906.

[105] Endemann DH, Schiffrin EL. Endothelial dysfunction. J Am Soc Nephrol. 2004;15:
1983–92.

[106] De Vriese AS, Verbeuren TJ, Van de Voorde J, Lameire NH, Vanhoutte PM. Endothe-
lial dysfunction in diabetes. Br J Pharmacol. 2000;130:963–74.

[107] Vink H, Constantinescu AA, Spaan JA. Oxidized lipoproteins degrade the endothelial
surface layer : implications for platelet-endothelial cell adhesion. Circulation. 2000;
101:1500–2.

[108] Johansson PI, Stensballe J, Rasmussen LS, Ostrowski SR. A high admission syndecan-
1 level, a marker of endothelial glycocalyx degradation, is associated with inflam-
mation, protein C depletion, fibrinolysis, and increased mortality in trauma pa-
tients. Ann Surg. 2011;254:194–200.

[109] Nieuwdorp M, Meuwese MC, Mooij HL, van Lieshout MH, Hayden A, Levi M, et al.
Tumor necrosis factor-alpha inhibition protects against endotoxin-induced endo-
thelial glycocalyx perturbation. Atherosclerosis. 2009;202:296–303.

[110] Ostrowski SR, Berg RM,Windelov NA, Meyer MA, Plovsing RR, Moller K, et al. Coag-
ulopathy, catecholamines, and biomarkers of endothelial damage in experimental
human endotoxemia and in patients with severe sepsis: a prospective study. J
Crit Care. 2013;28:586–96.

[111] Massberg S, Brand K, Gruner S, Page S, Muller E, Muller I, et al. A critical role of
platelet adhesion in the initiation of atherosclerotic lesion formation. J Exp Med.
2002;196:887–96.

[112] Huo Y, Schober A, Forlow SB, Smith DF, Hyman MC, Jung S, et al. Circulating acti-
vated platelets exacerbate atherosclerosis in mice deficient in apolipoprotein E.
Nat Med. 2003;9:61–7.

[113] Bevilacqua MP, Pober JS, Wheeler ME, Cotran RS, Gimbrone Jr MA. Interleukin 1
acts on cultured human vascular endothelium to increase the adhesion of polymor-
phonuclear leukocytes, monocytes, and related leukocyte cell lines. J Clin Invest.
1985;76:2003–11.

[114] Gamble JR, Harlan JM, Klebanoff SJ, Vadas MA. Stimulation of the adherence of neu-
trophils to umbilical vein endothelium by human recombinant tumor necrosis fac-
tor. Proc Natl Acad Sci U S A. 1985;82:8667–71.

[115] Pober JS, Gimbrone JrMA, Lapierre LA, Mendrick DL, FiersW, Rothlein R, et al. Over-
lapping patterns of activation of human endothelial cells by interleukin 1, tumor
necrosis factor, and immune interferon. J Immunol. 1986;137:1893–6.

[116] Wagner DD, Frenette PS. The vessel wall and its interactions. Blood. 2008;111:
5271–81.

[117] Frenette PS, Denis CV, Weiss L, Jurk K, Subbarao S, Kehrel B, et al. P-Selectin glyco-
protein ligand 1 (PSGL-1) is expressed on platelets and can mediate platelet-
endothelial interactions in vivo. J Exp Med. 2000;191:1413–22.

[118] Frenette PS, Johnson RC, Hynes RO, Wagner DD. Platelets roll on stimulated endo-
thelium in vivo: an interaction mediated by endothelial P-selectin. Proc Natl Acad
Sci U S A. 1995;92:7450–4.

[119] Frenette PS, Moyna C, Hartwell DW, Lowe JB, Hynes RO, Wagner DD. Platelet-
endothelial interactions in inflamed mesenteric venules. Blood. 1998;91:1318–24.

[120] Massberg S, Enders G, Leiderer R, Eisenmenger S, Vestweber D, Krombach F, et al.
Platelet-endothelial cell interactions during ischemia/reperfusion: the role of P-
selectin. Blood. 1998;92:507–15.

[121] Romo GM, Dong JF, Schade AJ, Gardiner EE, Kansas GS, Li CQ, et al. The glycoprotein
Ib-IX-V complex is a platelet counterreceptor for P-selectin. J Exp Med. 1999;190:
803–14.

[122] Andre P, Denis CV, Ware J, Saffaripour S, Hynes RO, Ruggeri ZM, et al. Platelets ad-
here to and translocate on von Willebrand factor presented by endothelium in
stimulated veins. Blood. 2000;96:3322–8.

http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0325
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0325
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0325
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0330
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0330
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0335
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0335
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0335
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0340
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0340
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0340
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0345
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0345
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0345
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0350
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0350
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0355
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0355
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0355
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0360
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0360
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0360
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0365
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0365
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0365
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0370
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0370
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0370
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0370
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0375
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0375
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0375
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0380
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0380
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0385
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0385
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0385
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0390
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0390
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0390
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0395
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0395
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0395
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0400
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0400
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0400
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0405
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0405
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0405
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0405
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0410
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0410
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0410
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0415
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0415
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0415
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0415
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0420
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0420
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0425
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0425
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0425
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0430
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0430
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0430
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0430
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0430
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0435
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0435
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0435
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0440
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0440
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0445
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0445
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0450
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0450
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0450
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0455
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0455
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0455
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0460
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0460
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0460
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0465
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0465
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0465
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0470
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0470
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0470
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0475
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0475
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0475
https://doi.org/10.1182/blood.2020007252
https://doi.org/10.1182/blood.2020007252
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0485
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0485
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0485
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0490
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0490
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0495
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0495
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0495
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0500
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0500
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0500
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0505
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0505
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0505
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0505
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0510
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0510
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0510
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0515
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0515
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0520
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0520
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0520
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0525
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0525
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0530
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0530
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0535
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0535
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0535
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0540
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0540
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0540
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0540
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0545
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0545
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0545
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0550
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0550
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0550
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0550
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0555
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0555
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0555
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0560
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0560
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0560
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0565
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0565
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0565
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0565
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0570
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0570
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0570
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0575
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0575
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0575
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0580
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0580
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0585
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0585
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0585
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0590
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0590
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0590
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0595
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0595
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0600
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0600
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0600
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0605
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0605
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0605
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0610
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0610
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0610


R. Belizaire and R.S. Makar Transfusion Medicine Reviews 34 (2020) 242–249
[123] Savage B, Saldivar E, Ruggeri ZM. Initiation of platelet adhesion by arrest onto fi-
brinogen or translocation on von Willebrand factor. Cell. 1996;84:289–97.

[124] Massberg S, Enders G, Matos FC, Tomic LI, Leiderer R, Eisenmenger S, et al. Fibrino-
gen deposition at the postischemic vessel wall promotes platelet adhesion during
ischemia-reperfusion in vivo. Blood. 1999;94:3829–38.

[125] Dole VS, Bergmeier W, Mitchell HA, Eichenberger SC, Wagner DD. Activated plate-
lets induce Weibel-Palade-body secretion and leukocyte rolling in vivo: role of P-
selectin. Blood. 2005;106:2334–9.

[126] Gawaz M, Neumann FJ, Dickfeld T, KochW, Laugwitz KL, Adelsberger H, et al. Acti-
vated platelets induce monocyte chemotactic protein-1 secretion and surface ex-
pression of intercellular adhesion molecule-1 on endothelial cells. Circulation.
1998;98:1164–71.

[127] Gawaz M, Dickfeld T, Bogner C, Fateh-Moghadam S, Neumann FJ. Platelet function
in septic multiple organ dysfunction syndrome. Intensive Care Med. 1997;23:
379–85.

[128] Scully M, Liesner R, Burgess C, Lawrie A, Machin S. ADAMTS 13 in non-thrombotic
thrombocytopaenic purpura conditions. Br J Haematol. 2008;141:262–5.

[129] Bendapudi PK, Li A, Hamdan A, Uhl L, Kaufman R, Stowell C, et al. Impact of severe
ADAMTS13 deficiency on clinical presentation and outcomes in patients with
thrombotic microangiopathies: the experience of the Harvard TMA Research Col-
laborative. Br J Haematol. 2015;171:836–44.

[130] Li A, Bendapudi PK, Uhl L, Hamdan A, Kaufman RM, Makar RS. Clinical features and
outcomes in patients with thrombotic microangiopathy not associated with severe
ADAMTS13 deficiency. Transfusion. 2017;57:2151–8.

[131] Li A, Makar RS, Hurwitz S, Uhl L, Kaufman RM, Stowell CP, et al. Treatment with or
without plasma exchange for patients with acquired thrombotic microangiopathy
not associated with severe ADAMTS13 deficiency: a propensity score-matched
study. Transfusion. 2016;56:2069–77.

[132] Aibar J, Castro P, Espinosa G, Fernandez S, Hernandez C, Rinaudo M, et al. ADAMTS-
13 in critically ill patients with septic syndromes and noninfectious systemic in-
flammatory response syndrome. Shock. 2015;43:556–62.

[133] Birnie E, Koh GC, Lowenberg EC, Meijers JC, Maude RR, Day NP, et al. Increased Von
Willebrand factor, decreased ADAMTS13 and thrombocytopenia in melioidosis.
PLoS Negl Trop Dis. 2017;11:e0005468.

[134] Bockmeyer CL, Claus RA, Budde U, Kentouche K, Schneppenheim R, LoscheW, et al.
Inflammation-associated ADAMTS13 deficiency promotes formation of ultra-large
von Willebrand factor. Haematologica. 2008;93:137–40.

[135] Bongers TN, Emonts M, de Maat MP, de Groot R, Lisman T, Hazelzet JA, et al. Re-
duced ADAMTS13 in children with severe meningococcal sepsis is associated
with severity and outcome. Thromb Haemost. 2010;103:1181–7.

[136] de Mast Q, Groot E, Asih PB, Syafruddin D, Oosting M, Sebastian S, et al. ADAMTS13
deficiency with elevated levels of ultra-large and active von Willebrand factor in P.
falciparum and P. vivax malaria. Am J Trop Med Hyg. 2009;80:492–8.

[137] Kremer Hovinga JA, Zeerleder S, Kessler P, Romani de Wit T, van Mourik JA, Hack
CE, et al. ADAMTS-13, von Willebrand factor and related parameters in severe sep-
sis and septic shock. J Thromb Haemost. 2007;5:2284–90.
249
[138] Karim F, Adil SN, Afaq B, Ul Haq A. Deficiency of ADAMTS-13 in pediatric patients
with severe sepsis and impact on in-hospital mortality. BMC Pediatr. 2013;13:44.

[139] Larkin D, de Laat B, Jenkins PV, Bunn J, Craig AG, Terraube V, et al. Severe Plas-
modium falciparum malaria is associated with circulating ultra-large von
Willebrand multimers and ADAMTS13 inhibition. PLoS Pathog. 2009;5:
e1000349.

[140] Lin JJ, Chan OW, Hsiao HJ,Wang Y, Hsia SH, Chiu CH. Decreased ADAMTS 13 activity
is associatedwith disease severity and outcome in pediatric severe sepsis. Medicine
(Baltimore). 2016;95:e3374.

[141] Lowenberg EC, Charunwatthana P, Cohen S, van den Born BJ, Meijers JC, Yunus EB,
et al. Severe malaria is associated with a deficiency of von Willebrand factor cleav-
ing protease, ADAMTS13. Thromb Haemost. 2010;103:181–7.

[142] Martin K, Borgel D, Lerolle N, Feys HB, Trinquart L, Vanhoorelbeke K, et al. De-
creased ADAMTS-13 (A disintegrin-like andmetalloproteasewith thrombospondin
type 1 repeats) is associated with a poor prognosis in sepsis-induced organ failure.
Crit Care Med. 2007;35:2375–82.

[143] Ono T, Mimuro J, Madoiwa S, Soejima K, Kashiwakura Y, Ishiwata A, et al. Severe
secondary deficiency of von Willebrand factor-cleaving protease (ADAMTS13) in
patients with sepsis-induced disseminated intravascular coagulation: its correla-
tion with development of renal failure. Blood. 2006;107:528–34.

[144] Dzik S. How I do it: platelet support for refractory patients. Transfusion. 2007;47:
374–8.

[145] Gardner FH, Helmer 3rd RE. Aminocaproic acid. Use in control of hemorrhage in pa-
tients with amegakaryocytic thrombocytopenia. JAMA. 1980;243:35–7.

[146] Antun AG, Gleason S, Arellano M, Langston AA, McLemore ML, Gaddh M, et al. Ep-
silon aminocaproic acid prevents bleeding in severely thrombocytopenic patients
with hematological malignancies. Cancer. 2013;119:3784–7.

[147] Marshall A, Li A, Drucker A, Dzik W. Aminocaproic acid use in hospitalized patients
with hematological malignancy: a case series. Hematol Oncol. 2016;34:147–53.

[148] collaborators C-t, Shakur H, Roberts I, Bautista R, Caballero J, Coats T, et al. Effects of
tranexamic acid on death, vascular occlusive events, and blood transfusion in
trauma patients with significant haemorrhage (CRASH-2): a randomised,
placebo-controlled trial. Lancet. 2010;376:23–32.

[149] Collaborators WT. Effect of early tranexamic acid administration on mortality, hys-
terectomy, and other morbidities in women with post-partum haemorrhage
(WOMAN): an international, randomised, double-blind, placebo-controlled trial.
Lancet. 2017;389:2105–16.

[150] Sprigg N, Flaherty K, Appleton JP, Al-Shahi Salman R, Bereczki D, Beridze M, et al.
Tranexamic acid for hyperacute primary IntraCerebral Haemorrhage (TICH-2): an
international randomised, placebo-controlled, phase 3 superiority trial. Lancet.
2018;391:2107–15.

[151] Estcourt LJ, McQuilten Z, Powter G, Dyer C, Curnow E, Wood EM, et al. The TREATT
Trial (TRial to EvaluAte Tranexamic acid therapy in Thrombocytopenia): safety and
efficacy of tranexamic acid in patients with haematological malignancies with se-
vere thrombocytopenia: study protocol for a double-blind randomised controlled
trial. Trials. 2019;20:592.

http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0615
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0615
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0620
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0620
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0620
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0625
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0625
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0625
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0630
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0630
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0630
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0630
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0635
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0635
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0635
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0640
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0640
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0645
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0645
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0645
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0645
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0650
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0650
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0650
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0655
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0655
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0655
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0655
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0660
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0660
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0660
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0665
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0665
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0665
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0670
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0670
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0670
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0675
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0675
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0675
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0680
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0680
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0680
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0685
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0685
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0685
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0690
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0690
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0695
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0695
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0695
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0695
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0700
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0700
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0700
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0705
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0705
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0705
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0710
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0710
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0710
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0710
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0715
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0715
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0715
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0715
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0720
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0720
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0725
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0725
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0730
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0730
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0730
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0735
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0735
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0740
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0740
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0740
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0740
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0745
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0745
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0745
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0745
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0750
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0750
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0750
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0750
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0755
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0755
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0755
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0755
http://refhub.elsevier.com/S0887-7963(20)30045-6/rf0755

