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Abstract
Background: Heparin-induced thrombocytopenia (HIT) is a prothrombotic, 
immune-mediated adverse drug reaction associated with high rates of thrombosis-
related morbidity and mortality caused by FcγRIIa-activating pathogenic antibod-
ies to PF4-heparin. Procoagulant platelets are a platelet subset that promote 
thrombin generation, are clinically relevant in prothrombotic diseases, and are 
formed when platelet G-protein-coupled receptor (GPCR) and ITAM-linked recep-
tors are co-stimulated.
Objectives: We examined the procoagulant platelet response of healthy donors to 
platelet agonists in the presence of HIT plasma and determined the contribution of 
FcγRIIa.
Patients/Methods: Our previously established flow cytometry-based procoagulant 
platelet assay was modified to incorporate plasma samples, performed using FcγRIIa-
responsive donor platelets. Plasma samples were serotonin-release assay–confirmed 
HIT (HIT+), or negative on HIT screening.
Results: In response to GPCR stimulation, only HIT+ plasma produced a heparin-
dependent sensitization that required active FcγRIIa. As a potential diagnostic tool, 
the procoagulant platelet assay achieved 98% accuracy in identifying clinically veri-
fied HIT when performed blinded to the diagnoses of a validation cohort. Samples 
inducing a higher procoagulant platelet response were more likely from patients with 
thrombotic complications. Thrombin stimulation markedly increased the procoagu-
lant platelet response with HIT+ plasma that was heparin independent and only par-
tially reversed by FcγRIIa blockade, possibly reflecting ongoing thrombotic risk after 
heparin cessation.
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1  |  INTRODUC TION

Heparin-induced thrombocytopenia (HIT) is a prothrombotic, 
immune-mediated adverse drug reaction to the common anticoagu-
lant heparin, or its derivatives. HIT is associated with high rates of 
morbidity and mortality, with thrombotic complications affecting 
>50% of untreated patients.1 HIT occurs in up to 3% of patients re-
ceiving unfractionated heparin2 and 0.2% of patients on low molecu-
lar weight heparin.2

Key to the pathogenesis of HIT is the formation of platelet-
activating immunoglobulin G (IgG) antibodies recognizing com-
plexes of platelet alpha granule protein, platelet factor 4 (PF4),3 
and heparin.4,5 These HIT antibodies, together with PF4-heparin 
complexes, form immune complexes, which bind and cross-link 
the low-affinity IgG receptor, FcγRIIa, on platelets, monocytes, 
and neutrophils, causing platelet activation and aggregation 
through the immunoreceptor tyrosine-based activation motif 
(ITAM).6 Thrombocytopenia and thrombosis then results, aug-
mented by increased platelet clearance, release of platelet-
derived microparticles,7 and thrombin produced on activated 
monocytes.8

HIT diagnosis and treatment remain clinical challenges. One gold 
standard functional laboratory test is the serotonin release assay 
(SRA). This test measures release of radiolabeled-serotonin from 
washed platelets at low (0.1–0.3 U/mL) and high (100 U/mL) heparin 
doses; a positive test characterized by >20% release at therapeutic 
dose that is inhibited at high-dose heparin. The high-dose heparin 
confirmation step relates to the requirement for a particular stoi-
chiometry of PF4:heparin to form stable ultra-large complexes that 
activate FcγRIIa.9,10 The limitations of the SRA are well documented 
and include requirements for washed “pedigree” donor platelets, 
radioactivity, and counters. These features limit its use to the rare 
reference laboratory; for example, a single laboratory in Australia. 
These restrictions delay definitive diagnosis of HIT, and treatment 
decisions must often be made before laboratory confirmation of ei-
ther diagnosis or exclusion of HIT. Although a combination of clini-
cal pretest probability and rapid immunoassay testing can in some 
cases bypass requirements for a functional assay,10,11 there remains 
a category of patients for whom this combination does not give a 
definitive result and a functional assay confirmatory step remains 
important.10,12

There remains a clinical need for improved diagnostic and ther-
apeutic approaches for HIT driven by improved understanding of 
underlying mechanisms. Tomer and colleagues reported that the 
platelet death marker, annexin V, detection by flow cytometry 
can identify HIT plasmas in absence of platelet agonists.13 Recent 
exploration of cell death pathways in response to KKO antibody/
PF4, a model that mimics HIT, demonstrated a marked increase in 
cell death (apoptotic – mitochondrial membrane depolarization, up-
regulation of pro-apoptotic protein Bax, and non-apoptotic – calpain 
activation) markers in treated platelets but that procoagulant effect 
was related to caspase independent, calpain-mediated platelet cell 
death.14 Generated through the cyclophilin-D–dependent necrosis 
pathway, procoagulant platelets are a subpopulation of platelets 
that promote coagulation by providing a procoagulant surface for 
assembly and propagation of coagulation factors leading to throm-
bin generation.15,16 Procoagulant platelets are of clinical relevance 
in thrombotic conditions such as coronary artery disease and 
stroke.17–21 Tutwiler and colleagues demonstrated that a subset of 
procoagulant platelets, coated platelets (expression of P-selectin, 
binding of annexin V, and anti-factor X), were induced by HIT-like 
antibody KKO.8 Thus, we hypothesized that procoagulant platelets 
significantly contribute to the thrombotic risk in HIT.

Given the combined stimulation of platelet G-protein-coupled 
(GPCR) (e.g., PAR-1, PAR-4, P2Y12) and ITAM-linked receptors (ILR) 
(e.g., GPVI, CLEC2, FcγRIIa) synergistically induces procoagulant 
platelet formation in suspension,22,23 we hypothesized that low-
level priming of platelets with GPCR agonists in donor platelets in 
suspension would permit identification of an FcγRIIa-dependent 

Conclusions: We demonstrate that HIT plasma together with platelet agonists in-
creased the procoagulant platelet proportions, which may contribute to thrombotic 
risk in HIT. Targeting procoagulant platelet activation may represent a novel treat-
ment strategy. This assay may be a rapid, clinically relevant functional assay for ac-
curately detecting pathological HIT antibodies.

K E Y W O R D S
FcγRIIa, flow cytometry, heparin-induced thrombocytopenia, procoagulant platelets, 
thrombosis

Essentials

•	 Rapid and accurate diagnosis of HIT remains a challenge 
yet is crucial to improve outcomes.

•	 A novel flow cytometry procoagulant platelet (PP) assay 
accurately identifies patients with HIT.

•	 HIT antibodies induce heparin-dependent changes in PP 
profiles with PAR-1 stimulation.

•	 Thrombin co-stimulation with HIT plasma induces 
heparin-independent PP, irreversible with IV.3.
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pathological procoagulant response that would allow both mecha-
nistic insight and yield a sensitive and specific assay for HIT. We have 
earlier shown that in healthy platelets stimulated with thrombin plus 
collagen, 96% of 4-(N-(S-glutathionylacetyl)amino)phenylarsonous 
acid (GSAO)-positive platelets compared with only 27% of platelets 
that express phosphatidylserine, bind active factor X, and hence 
support thrombin generation.17,24 Here, we used a GSAO-based 
procoagulant platelet assay, which is more specific for function-
ally relevant procoagulant platelets than annexin V, to investigate 
the impact of HIT antibodies on procoagulant platelet profile of 
healthy platelets using plasma from patients with SRA-confirmed 
HIT, as compared with HIT-negative samples. We provide insights 
into the mechanisms underlying HIT thrombosis and present a flow 
cytometry-based procoagulant platelet assay that may be a viable 
functional assay with rapid turnaround time for HIT diagnosis.

2  |  METHODS

2.1  |  Study approval

Human studies were approved by Concord Repatriation General 
Hospital (CRGH) Human Research Ethics Committee (HREC/18/
CRGH/294), WSLHD Human Research Ethics Committee #1812-01. 
Blood donors gave written informed consent.

2.2  |  Materials

GSAO and control compound 4-(N-(S-glutathionylacetyl)amino)ben-
zoic acid were synthesized previously as described25 and conjugated 
to amine-reactive succinimidyl ester Alexa Fluor 647-NHS (Life 
Technologies). Confirmation of GSAO activity and batch to batch 
validation testing after conjugation were performed as previously 
described.17,26 Monomeric collagen-related peptide (CRP, Auspep) 
was cross-linked using N-succinimidyl 3-(2-pyridyldithio)propion-
ate (Sigma-Aldrich) to produce CRP-xL. Reagents are available on 
request.

2.3  |  Plasma samples

Citrated platelet-poor plasma stored at −80°C were from patients 
with suspected HIT, referred to diagnostic laboratories in three 
Australian hospitals (CRGH, Royal Prince Alfred, and the Institute 
of Clinical Pathology and Medical Research at Westmead Hospital) 
for subsequent investigation by SRA at a reference laboratory. SRA 
was performed following initial positive immunological screening 
(either AcuStar HIT-IgG(PF4-H) chemiluminescence or STic Expert 
HIT lateral flow) on patients with intermediate or high pretest prob-
ability of HIT based on the 4Ts scoring system27–29 or by request of 
treating physicians. SRA-positive samples that fulfilled clinical cri-
teria for HIT were considered HIT+. Clinical notes were adjudicated 

by independent blinded observers to verify clinical HIT. HIT nega-
tive (HIT−) samples were from inpatients with thrombocytopenia or 
platelet count drop >25%, intermediate/high 4Ts score with nega-
tive immunoassay testing.

2.4  |  Screening for high responders

Healthy donors recruited at the CRGH and ANZAC Research 
Institute (Sydney, Australia) were screened to identify FcγRIIa re-
sponders30 using light transmission aggregometry response to 
1.5 µg/mL of anti-CD9, clone ALB6 (Santa Cruz Biotechnology) as 
previously described.31

High responders demonstrated >80% aggregation with a time 
to initiation <180  s, intermediate responders: 50%–80% aggrega-
tion, or >80% but time to initiation >180 s. Of 30 healthy donors 
screened, eight high and two intermediate responders were included 
in the development study. Only high responders were used in the 
validation study.

2.5  |  Blood collection

Blood was collected from the antecubital fossa of healthy volunteers 
into 3.2% citrate tubes using a 21G butterfly needle. The initial 3 mL 
of blood was discarded.

2.6  |  Procoagulant platelet assay

The GSAO-based whole blood procoagulant platelet flow cytometry 
assay established by our laboratory17,26 was modified for testing of 
various platelet agonists in the presence of HIT+ or HIT− plasma. 
Citrated whole blood (13  μL) was diluted in Hanks' balanced salt 
solution (pH 7.35) and incubated with and without agonists, unfrac-
tionated heparin (Pfizer) and plasma (5  μL) for 10  min, with a final 
concentration of 2.5  mM Gly-Pro-Arg-Pro peptide (Sigma-Aldrich) 
and 2.5 mM calcium chloride. The final reaction volume was 50 μL. 
Agonists included CRP-xL, ADP (Helena Laboratories), thrombin 
receptor-activating peptide (SFLLRN, Auspep), and bovine thrombin 
(Sigma-Aldrich). Heparin was omitted in experiments that include 
thrombin because of the neutralizing effect of heparin on thrombin 
activity. In some experiments, blood was pretreated with 10 µg/mL 
IV.3 (StemCell Technologies), a monoclonal antibody against FcγRIIa, 
for 15 min before the reaction. The reaction was stopped by further 
dilution with Hanks' balanced salt solution (150 μL, 1:3 v/v) followed 
by staining with antibodies to CD45 (HI30) (StemCell Technologies), 
CD41a (HIP8) (BD Biosciences), CD62P (Psel.KO2.3) (eBioscience) or 
isotype control (eBioscience), and GSAO or 4-(N-(S-glutathionylacetyl)
amino)benzoic acid. After staining, samples were fixed with PAMFix 
(Platelet Solutions Ltd), centrifuged, and resuspended. Samples were 
rested for 1 h in the dark at room temperature before analysis on a 
BD LSRFortessa X-20 with acquisition of 10 000 platelet events (see 
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Table  S1 for technical settings). Occasional thrombin+HIT plasma 
samples were stopped before 10 000 events if there was insufficient 
sample. The gating strategy to identify procoagulant platelets was 
detailed in Tan and colleagues.26

2.7  |  Two-dimensional visualization of flow 
cytometry parameters

The t-distributed stochastic neighbor embedding (t-SNE) algorithm 
was used to visualize high-dimensional, multiparameter flow cy-
tometry data. Datasets were concatenated and the Barnes-Hut 
implementation of t-SNE was used for applying the dimensionality 
reduction algorithm on compensated flow cytometry parameters 
(forward scatter, size scatter, CD41a, CD45, GSAO, and CD62P) 
using FlowJo version 10.6.

2.8  |  Clinical adjudication

Two hematologists adjudicated HIT diagnosis and thrombotic out-
comes while blinded to assay results. Electronic medical records and 
HIT test results were reviewed, 4T scores recalculated, and clinical 
outcomes in response to changes in anticoagulation assessed. A 
third hematologist independently adjudicated where clinical adjudi-
cation was discrepant from SRA or flow cytometry results.

2.9  |  Statistical analyses

Statistical analyses were performed using GraphPad Prism 9, with 
statistical significance set at p < 0.05.

For original data, please contact vivien.chen@sydney.edu.au.

3  |  RESULTS

3.1  |  HIT+ plasma does not increase procoagulant 
platelets with GPCR agonists alone or heparin alone

Procoagulant platelets were identified using a whole blood flow 
cytometry-based assay as CD41a+/CD45− events marked with both 
the cell necrosis marker GSAO, and the platelet activation marker 
P-selectin (GSAO+/CD62P+) as described.17 We examined proco-
agulant platelet response to HIT+plasma in presence and absence 
of agonist stimulation of GPCR ligands: PAR-1 agonist (SFLLRN) and 
P2Y12 receptor agonist (ADP), and ILR ligand GPVI agonist (CRP-xL). 
In the absence of exogenous heparin, there was no difference in the 
proportion of procoagulant platelets in the presence of HIT+plasma 
compared with either HIT−, no plasma, or autologous plasma under 
resting conditions or following stimulation with SFLLRN, ADP, or 
CRP-xL (Figures 1A and S1A) within our limited sample size of six 
to 13 data points generated from 5 HIT− and 4 HIT+plasmas tested 

on 10 healthy donors. There were no differences in procoagulant 
platelet proportion with either HIT+ or HIT− plasma, at either thera-
peutic concentration (0.5 U/mL) or high-dose heparin (100 U/mL), 
compared with basal levels of procoagulant platelets without exog-
enous plasma (Figure 1B).

3.2  |  HIT+ plasma sensitizes healthy platelets to 
become procoagulant with GPCR agonist stimulation 
in a heparin-dependent manner and requires 
active FcγRIIa

HIT antibodies recognize complexes of heparin with the plate-
let alpha granule protein PF4, and agonist stimulation is known to 
release PF4. SFLLRN, ADP, or CRP-xL stimulation, leading to >90% 
alpha granule release measured by P-selectin (Figure S2). In presence 
of HIT− plasma, there was no difference in procoagulant platelet 
formation in response to SFLLRN, ADP, or CRP-xL (Figure 2A,C,E), 
at either therapeutic or high heparin concentrations. However, in 
presence of HIT+ plasma, there was a significant difference in the 
proportion of procoagulant platelets at therapeutic-concentration 
heparin compared with no heparin for SFLLRN (36.53  ±  7.50 
vs 11.19 ± 3.23, p < 0.01) and ADP (25.22 ± 5.94 vs 5.66 ± 0.79, 
p  <  0.05; Figure  2B,D). HIT has a well-established stoichiometric 
ratio of heparin and PF4 underscoring the formation of pathogenic 
immune complexes,32 and the heightened procoagulant platelet re-
sponse at therapeutic-concentration heparin was fully abrogated at 
high-dose heparin for all agonists tested: SFLLRN (36.53 ± 7.50 vs 
4.39 ± 0.35, p < 0.01), ADP (25.22 ± 5.94 vs 5.16 ± 0.52, p < 0.05), 
and CRP-xL (26.87 ± 3.58 vs 11.70 ± 2.63, p < 0.01) (Figure 2B,D,F).

We examined the requirement for FcγRIIa in the sensitization 
of procoagulant platelets by receptor-specific agonists together 
with therapeutic-concentration heparin. Pretreatment of healthy 
platelets with IV.3  markedly reduced the proportion of procoagu-
lant platelets stimulated with receptor-specific agonists in pres-
ence of therapeutic-concentration heparin and HIT+plasma, with 
SFLLRN (24.24 ± 5.59 vs 5.63 ± 0.83, p < 0.05), ADP (18.98 ± 5.28 
vs 3.85 ± 0.34, p < 0.05), and CRP-xL (21.63 ± 4.82 vs 8.02 ± 3.24, 
p < 0.01; Figure 2G), indicating that active FcγRIIa is required for the 
HIT plasma-induced and heparin-dependent potentiation of proco-
agulant platelet formation.

3.3  |  Effect of FcγRIIa-inhibition on 
multiparameter flow cytometry profile of 
healthy platelets

Having observed the effect of FcγRIIa inhibition on a specific plate-
let population, HIT-induced procoagulant platelets, we then used 
the t-SNE algorithm to visualize the HIT-induced qualitative changes 
across total platelet subpopulations (Figure 3). The density in t-SNE 
profiles represent relative proportions of platelet subgroupings clus-
tered according to the flow cytometry parameters. The t-SNE profile 

mailto:vivien.chen@sydney.edu.au
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of healthy platelets in presence of SFLLRN was markedly altered by 
the addition of HIT+ plasma compared with no plasma. IV.3 pretreat-
ment produced a visually similar t-SNE profile to that of no plasma 
(Figure 3), indicating platelet changes were FcγRIIa mediated. t-SNE 
profiles of healthy platelets in presence of ADP and CRP-xL with 
and without HIT+plasma followed similar patterns to that of SFLLRN 
(Figure S3).

3.4  |  Procoagulant platelet formation 
induced by SFLLRN, therapeutic-concentration 
heparin, and patient plasma has potential to 
differentiate thrombocytopenia secondary to HIT 
from other etiologies

To assess the diagnostic value of a flow cytometry-based procoagu-
lant platelet assay, we compared procoagulant platelet formation after 
SFLLRN stimulation in the presence of therapeutic-concentration 
heparin using plasma from HIT+ and HIT− thrombocytopenic patients. 
This yielded a receiver operating characteristics (ROC) area under the 
curve (AUC) of 1.0 ± 0, p = 0.0004, with a procoagulant result of 7.6% 
demonstrating 100% sensitivity and specificity (Figure 4A, Table S2). 
ADP under the same conditions yielded a ROC AUC 0.93  ±  0.06, 
p = 0.0025, with a cutoff of 6.2%, demonstrating 100% sensitivity 
and 70% specificity (Figure 4B, Table S3), and CRP-xL yielded a ROC 
AUC of 0.92 ± 0.08, p = 0.0098, with a cutoff of 13.5%, demonstrat-
ing 100% sensitivity and 75% specificity (Figure 4C, Table S4).

In a validation cohort of 64 patients with clinically suspected HIT, 
the procoagulant platelet assay with SFLLRN in presence of healthy 
whole blood, patient plasma, and heparin was performed while 
blinded to the diagnosis. SRA was again used as the gold standard 

for HIT+ samples. A procoagulant platelet result of >7.6% correctly 
identified 43 of 44 immunoassay- or SRA-negative samples and 18 
of 20 SRA-positive samples (Figure 5A). This yielded a positive pre-
dictive value of 94.7%, a negative predictive value of 95.6%, and an 
accuracy of 95.3%. Independent blinded clinical review of the HIT di-
agnosis demonstrated 98% concordance with assay results and final 
clinical HIT diagnosis with correction of one false-positive and one 
false-negative SRA test. Notably, the assay correctly identified three 
of three samples that were false positive by immunoassay, but neg-
ative by SRA and negative by clinical review. Two of these were pa-
tients with a previous diagnosis of HIT. One of two samples that was 
SRA-positive but negative in our assay had a final diagnosis of immune 
thrombocytopenia, whereas the other was clinically HIT (Table  S5, 
Figure S4). Our assay correctly identified a false-negative SRA sam-
ple that was clinically HIT (Figure 5A). Procoagulant platelet response 
induced by 13 HIT+plasma did not correlate with anti-PF4/heparin 
antibody levels by chemiluminescence (Figure  S5). Importantly, a 
higher procoagulant platelet response (p = 0.0213, Figure 5B), was ob-
served in donor platelets treated with plasma from HIT+ patients with 
thrombotic outcomes compared to those without, whereas anti-PF4/
heparin antibody levels by chemiluminescence immunoassay was not 
associated with thrombosis (p = 0.9559, Figure 5C).

3.5  |  HIT+plasma hypersensitizes healthy platelets 
to thrombin-induced procoagulant platelet response 
in a heparin-independent manner that is only partially 
dependent on FcγRIIa

A paradox in HIT is the enhancement of thrombin generation in 
presence of heparin.33 Thrombosis can occur even after cessation 

F I G U R E  1  Plasma samples from HIT patients do not increase the proportion of procoagulant platelets from healthy donors when treated 
with either platelet agonists or heparin, alone. (A) The proportion of procoagulant platelets in whole blood samples from healthy donors 
(n = 8–13) did not change significantly upon exposure to HIT− (n = 5) or HIT+ (n = 4) plasma under resting conditions or treatment with 
platelet agonists (SFLLRN 5 µM, ADP 20 µM, CRP-xL 2 µg/mL). Mixed-effects analysis was performed with Tukey correction for multiple 
comparisons. (B) In the absence of stimulation with platelet agonist, the addition of low-dose (0.5 U/mL) or high-dose (100 U/mL) heparin 
to platelets from healthy donors (n = 6–7) exposed to HIT− (n = 3) or HIT+ (n = 4) plasma did not alter the basal proportion of procoagulant 
platelets observed in the absence of patient plasma. Vehicle control consisted of Hanks' balanced salt solution in place of heparin. One-
way anova was performed with Dunnett correction for multiple comparisons to basal level of procoagulant platelets. Error bars indicate 
mean ± SEM. ns, not significant. ADP, adenosine diphosphate; CRP-xL, crosslinked collagen-related peptide; Hep, heparin; HIT, heparin-
induced thrombocytopenia; SEM, standard error of the mean; SFLLRN, thrombin receptor-activating peptide
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of heparin and initiation of alternative anticoagulation including 
direct thrombin inhibitors. Hence, we explored the procoagulant 
platelet response induced by HIT plasma on donor platelets stimu-
lated with thrombin ± ILR agonist in the absence of heparin. Heparin 
was excluded due to the neutralizing effect on the exogenous 
thrombin. Preincubation with HIT+ or HIT− plasma increased the 
proportion of procoagulant platelets in healthy donors following 
thrombin stimulation compared with no plasma (HIT−: 19.55 ± 4.16 
vs 4.16  ±  0.24, p  =  0.0021; HIT+: 18.86  ±  3.94 vs 4.16  ±  0.24, 
p = 0.0039; Figure 6A). There was no difference in the procoagu-
lant platelet response between HIT+ and HIT− plasma. Blockade of 
FcγRIIa did not affect the thrombin-induced procoagulant platelet 
response (Figure  6B,C). Combined thrombin+CRP-xL stimulation 
increased the procoagulant platelet proportion generated by HIT+ 
plasma (69.57  ±  6.85) compared with no plasma (28.52  ±  2.17, 
p < 0.0001) and HIT− plasma (46.54 ± 3.53, p = 0.0020; Figure 6D). 
This hypersensitivity in donor platelets was not observed with au-
tologous plasma (29.45  ±  5.08, Figure S1C). A partial inhibition of 
the procoagulant platelet response by IV.3 was evident with HIT+ 

(50.16 ± 6.82 vs 60.97 ± 8.04, p = 0.0161, Figure 6F) but not HIT− 
plasma (39.91 ± 3.95 vs 43.53 ± 4.20, p = 0.2259, Figure 6E), sug-
gesting a partial role for FcγRIIa in the thrombin-driven procoagulant 
platelet response generated by HIT plasma. Concordantly, inhibi-
tion of FcγRIIa in presence of HIT+ plasma did not return the t-SNE 
subpopulation profile to the pattern seen in no plasma (Figure 6G), 
unlike the profiles generated by GPCR agonists (Figure 3), demon-
strating a differential effect between GPCR agonists and thrombin 
stimulation.

4  |  DISCUSSION

Early and accurate detection of HIT is critical for improved patient 
outcomes, yet this remains a clinical challenge. An increased under-
standing of the mechanisms underlying HIT is helpful for improved 
diagnostic platforms and therapeutics. Procoagulant platelets play 
an important role in hemostasis by providing a surface for the as-
sembly and propagation of coagulation factors, enabling thrombin 

F I G U R E  2  Plasma samples from SRA-positive (HIT+) but not HIT immunoassay-negative (HIT−) patients increased the procoagulant 
platelet response in donor platelets treated with platelet agonists in a heparin-dependent manner and requires active FcγRIIa. Whole blood 
from healthy donors (n = 6–10) were treated with plasma samples from either HIT− (n = 5; A, C, E) or HIT+ (n = 3–4; B, D, F) patients, in the 
absence of heparin, or addition of low-dose (0.5 U/mL) or high-dose (100 U/mL) heparin and platelet agonists: (A–B) thrombin receptor-
activating peptide, SFLLRN (5 µM), or (C–D) adenosine diphosphate, ADP (20 µM), or (E–F) crosslinked collagen-related peptide, CRP-xL 
(2 µg/mL) for 10 min before staining for flow cytometry analysis of procoagulant platelets. Repeated measures anova was performed with 
Tukey correction for multiple comparisons. (G) Donor platelets (n = 6–7) in whole blood were pretreated with the FcγRIIa function-blocking 
monoclonal antibody, IV.3 (10 µg/mL) for 15 min before exposure to a separate set of SRA-positive HIT plasma (n = 4) and platelet agonists. 
In the presence of low-dose heparin (0.5 U/mL) and platelet agonists: CRP-xL (2 µg/mL), SFLLRN (5 µM) or ADP (20 µM), pretreatment with 
IV.3 abrogated the procoagulant platelet proportions compared with vehicle control. Paired t-test was performed comparing vehicle with 
IV.3 treatment for each agonist. Procoagulant platelet percentages were defined by the proportion of GSAO+/CD62P+ platelet events. 
Error bars indicate mean ± SEM. *p < 0.05, **p < 0.01, ns, not statistically significant. Hep, heparin; ADP, adenosine diphosphate; CRP-
xL, crosslinked collagen-related peptide; HIT, heparin-induced thrombocytopenia; SFLLRN, thrombin receptor-activating peptide; SRA, 
serotonin release assay

F I G U R E  3  Visualization of multiparameter flow cytometry data using t-distributed stochastic neighbor embedding (t-SNE) algorithm. 
The t-SNE algorithm was employed to compare the platelet flow cytometry profiles between healthy donor whole blood exposed to either 
no plasma, HIT+ or HIT+ plasma plus IV.3 pretreatment in the presence of SFLLRN (5 µM) plus heparin (0.5 U/mL) in n = 7 donors. A subset 
of 6000 CD41a+ events were selected from each experiment (n = 7 per condition). The downsized files were subsequently concatenated 
to generate files containing 168 000 SFLLRN-treated CD41a+ events. The Barnes-Hut implementation of t-SNE with 1000 iterations, a 
perplexity value of 30, and a learning rate of 11 760 was used for applying the dimensionality reduction algorithm on compensated flow 
cytometry parameters. HIT, heparin-induced thrombocytopenia; SFLLRN, thrombin receptor-activating peptide
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generation and subsequent clot stabilization through fibrin forma-
tion. A well-known paradox in HIT is that thrombin generation, de-
monstrable on calibrated thrombography, is enhanced instead of 
reduced in the presence of heparin.33,34 Expanding on the work of 

Tutwiler and colleagues on coated platelets and HIT,8 we confirm 
the marked increase in the procoagulant platelet proportion in 
donor platelets by HIT+ patient plasma in presence of heparin as 
a potential mechanism for this paradox. We demonstrate that low-
dose GPCR agonist sensitizes platelets to the mechanism of heparin-
dependent HIT plasma induction of a procoagulant platelet response 
in a process that is fully dependent on active FcγRIIa. Furthermore, 
measurement of SFLLRN-induced procoagulant platelet forma-
tion in donor platelets under these conditions can accurately dif-
ferentiate HIT from non-HIT thrombocytopenia by detecting a 
heparin-dependent, antibody-mediated increase in procoagulant 
platelet proportions. These results provide important insights into 
the mechanisms underlying thrombosis in HIT and suggest that our 
flow cytometry-based procoagulant platelet assay may be a viable 
strategy for a rapid yet accurate diagnosis of HIT.

Using a flow cytometry assay that identifies procoagulant 
platelets using combined detection of a cell death marker GSAO 
and platelet activation marker P-selectin to examine the effect of 
SRA-confirmed HIT+ plasma on the procoagulant profile of healthy 
donor platelets, we showed that HIT+ plasma-sensitized platelets 
become markedly procoagulant with agonist stimulation at levels 
that normally cause no procoagulant platelet response. We specu-
late that agonist-induced platelet PF4 release allows generation of 
the pathogenic complex without requirement for exogenous PF4 
in this whole blood platform that avoids platelet activation from 
washing steps. In our hands, the increase in procoagulant platelets 
seen at therapeutic-concentration heparin (0.5  U/mL) was com-
pletely abrogated when excess heparin offset the PF4:heparin (or 
PF4:other polyanion) molar stoichiometry required to form a stable 
HIT immune complex, resulting in the characteristic abrogated re-
sponse.9,32,35,36 Importantly, the sensitizing heparin concentration in 
our experiments is within the clinical therapeutic range (0.3–0.7 U/
mL),37 suggesting this heparin-dependent sensitization plausibly 
contributes to the thrombotic complications seen in patients with 
HIT in vivo.

Using the KKO and PF4 HIT model, Tutwiler and colleagues 
previously speculated that the combination of PAR stimulation and 
ITAM signaling via FcγRIIa was required for annexin V+ “coated” 
platelet formation in HIT.8 Here, the increased procoagulant plate-
let proportion in the presence of HIT plasma and therapeutic-
concentration heparin was seen with either SFLLRN or ADP 
stimulation, indicating that, although PAR signaling appears to be 
a potent co-factor, stimulation of alternative GPCR pathways such 
as P2Y12 also induce procoagulant platelets in presence of HIT 
antibody-mediated ITAM signaling. This is in agreement with pre-
vious findings that ADP and its receptor P2Y12 can induce plate-
let aggregation with HIT sera38 and that P2Y12 blockade inhibits 
formation of pathological-coated platelets and procoagulant plate-
lets.39–43 In contrast, co-stimulation with CRP-xL, an alternative ILR 
ligand, instead of a GPCR agonist, did not produce a synergistic 
procoagulant platelet response. This suggests that the marked pro-
coagulant response in HIT is synergized by stimulation of GPCR 
pathways, but this is not limited to PAR-1.

F I G U R E  4  Procoagulant platelet formation in the presence 
of platelet agonists, low-dose heparin, and patient plasma has 
potential to differentiate thrombocytopenia secondary to HIT 
from other etiologies. Receiver operating characteristic (ROC) 
curve analysis was performed to evaluate the diagnostic potential 
of procoagulant platelet formation in healthy donors (n = 6–10) 
induced by plasma from patients suspected of HIT in the presence 
of low-dose heparin (0.5 U/mL) and receptor-specific platelet 
agonists: (A) thrombin receptor-activating peptide, SFLLRN 
(5 µM), (B) adenosine diphosphate, ADP (20 µM), or (C) crosslinked 
collagen-related peptide, CRP-xL (2 µg/mL). Plasma samples 
were collected from either HIT immunoassay-negative patients 
(HIT−) or SRA-confirmed HIT patients (HIT+). Error bars indicate 
mean ± SEM. ADP, adenosine diphosphate; AUC, area under the 
curve; CRP-xL, crosslinked collagen-related peptide; HIT, heparin-
induced thrombocytopenia; SRA, serotonin release assay. Refer 
to supplemental data (Tables S2–S4) for the list of sensitivity and 
specificity at various cutoff values
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Our finding that SFLLRN priming of healthy whole blood allows 
measurement of heparin-dependent FcγRIIa-mediated procoagulant 
platelet response, resulted in design of a HIT diagnostic assay with 
high sensitivity and specificity and a ROC curve of 1.0. Considering 
the limitations of current diagnostic tests, a new functional assay 
that maintains the specificity and sensitivity of SRA without use of 
radioactivity is potentially useful.28 A flow cytometry donor platelet, 
annexin V-based assay for diagnosis of HIT was first proposed by 
Tomer and colleagues,13,44 and PF4-dependent P-selectin expres-
sion was proposed by Padmanabhan and colleagues.45 Functional 

platforms like the Multiplate aggregation and immunoassays like the 
chemiluminescence AcuStar HIT-IgG(PF4-H) offer alternatives.28,29,31 
Our assay may have some advantages over other functional assays: 
the use of whole blood rather than washed platelets, minimal volume 
of plasma required (5 μL per patient), low-dose agonist stimulation 
rather than PF4, and use of a standard diagnostic flow cytometer 
rather than dedicated platform, increase practicality.

Importantly, this platform distinguished clinically adjudicated, 
SRA-confirmed true HIT patients from hospitalized non-HIT pa-
tients referred for HIT testing after 4Ts screening, including 

F I G U R E  5  Validation of procoagulant platelet assay using plasma samples from 64 patients suspected of HIT. (A) Whole blood from 
healthy donors was treated with 5 µM SFLLRN and therapeutic-concentration (0.5 U/mL) or high-dose (100 U/mL) heparin in the presence 
of plasma from immunoassay-negative or clinically not HIT patients (true negative, black open circles; n = 41) or SRA-confirmed and clinically 
verified HIT patients (true positives, orange circles; n = 18). Blue circles represent plasma samples that were immunoassay-positive but 
SRA-negative and clinically adjudicated as not HIT (n = 3). The green circle represents a patient who was immunoassay-positive and clinically 
verified as HIT but SRA-negative (n = 1), whereas the red open circle represents a false negative (n = 1) on the procoagulant platelet assay. 
A positive result is defined by a procoagulant platelet percentage of greater than 7.6% as determined in Figure 4A. The assay was performed 
while blinded to the diagnosis of the patients. (B) Procoagulant platelet response of healthy donors to clinically adjudicated HIT+ plasma 
(n = 21) in the presence of 5 µM SFLLRN and 0.5 U/mL heparin, and (C) anti-PF4/heparin antibody levels of 11 HIT+ plasma, measured on 
AcuStar HIT−IgG(PF4-H) chemiluminescence immunoassay was compared between patients with and without thrombotic outcomes based on 
review of clinical notes while blinded to assay results. Unpaired t-test was performed. Error bars indicate mean ± SEM. ns, not significant, 
*p < 0.05. Hep, heparin; HIT, heparin-induced thrombocytopenia; SFLLRN, thrombin receptor-activating peptide; SRA, serotonin release 
assay
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patients with sepsis, non-heparin drug-induced thrombocytope-
nia, consumptive thrombocytopenia, and anti-phospholipid syn-
drome (Table  S5). Plasma from non-HIT thrombocytopenic 
patients on occasion induced a procoagulant response in donor 
platelets but were differentiated from HIT by the low- and high-
dose heparin conditions and response to IV.3. The high sensitiv-
ity and specificity in the development cohort were confirmed in 

the validation cohort with an overall performance of this assay 
achieving 98% accuracy when compared with clinical adjudica-
tion of final HIT diagnosis. Furthermore, it identified the chemi-
luminescence immunoassay false positives. This platform could 
potentially be established in any diagnostic flow cytometry lab-
oratory, thereby shortening time to definitive diagnosis and al-
lowing timely cessation of alternative anticoagulants in patients 

F I G U R E  6  Plasma samples from SRA-positive (HIT+) patients sensitized healthy donor platelets to form procoagulant platelets when 
treated with thrombin in a manner that is partially dependent on FcγRIIa. Whole blood from healthy donors were treated with plasma 
samples from either HIT immunoassay-negative (HIT−) or HIT+ patients, and thrombin alone or a combination of thrombin and CRP-xL for 
10 min, then stained for flow cytometry analysis of procoagulant platelets. (A–C) The proportion of procoagulant platelets from healthy 
donors (n = 27) exposed to HIT− (n = 24) or HIT+ (n = 8) plasma when treated with thrombin (1 U/mL) or with the addition of FcγRIIa 
function-blocking monoclonal antibody, IV.3 (10 µg/mL). (D–F) The proportion of procoagulant platelets from healthy donors (n = 21) 
exposed to HIT− (n = 36) or HIT+ (n = 15) plasma when treated with thrombin (1 U/mL) and CRP-xL (2 µg/mL) or with the addition of IV.3 
(10 µg/mL). (A and D) Mixed-effects analysis was performed with Tukey correction for multiple comparisons. (B–C and E–F) Repeated 
measures anova was performed with Tukey correction for multiple comparisons. (G) The t-SNE algorithm was employed to compare 
the platelet flow cytometry profiles between healthy donor whole blood exposed to either no plasma, HIT+, or HIT+ plasma plus IV.3 
pretreatment in the presence of thrombin (1 U/mL) and CRP-xL (2 μg/mL) in n = 6 donors demonstrating changes from baseline in presence 
of HIT+ plasma that was not reversed by pretreatment with monoclonal antibody IV.3. Error bars indicate mean ± SEM. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001, ns, not significant. CRP-xL, crosslinked collagen-related peptide; HIT, heparin-induced thrombocytopenia; 
SEM, standard error of the mean; SRA, serotonin release assay; t-SNE, t-distributed stochastic neighbor embedding



    |  985LEE et al.

who do not have activating HIT antibodies. Up to 44% of patients 
eventually demonstrated to be HIT– experience major bleeding 
when commenced on alternative anticoagulation while awaiting 
confirmatory studies.46 This platform has recently been adapted 
for diagnosis of another FcγRIIa-mediated thrombotic condition, 
vaccine-induced immune-thrombotic thrombocytopenia and ad-
opted for vaccine-induced immune-thrombotic thrombocytopenia 
diagnosis in Australia.47

Ramstrom and colleagues showed that procoagulant plate-
let formation is limited to a subpopulation of platelets, even with 
strong dual agonist stimulation, thus our assay has a readout with a 
wide measurement range.48 In addition, because low-dose SFLLRN 
causes platelets to become activated but not procoagulant,49 pro-
coagulant platelet numbers in this assay are completely driven by 
the potency of the HIT antibody. Since higher procoagulant platelet 
levels in our assay were seen with plasma from HIT patients with 
thrombosis compared with HIT patients with thrombocytopenia 
alone, we speculate that the ability of HIT antibody to generate pro-
coagulant platelets may play a pathogenic role that relates to clinical 
thrombotic risk.17

This study offers mechanistic insight. Our results suggest that 
in HIT patients treated with therapeutic heparin, small physiolog-
ical increases in agonist concentrations, plausibly caused by pres-
ence of atherosclerotic plaque, stenotic vasculature, or surgical 
trauma, could have a large contribution to procoagulant platelet 
formation and consequent risk of thrombosis. Indeed, surgical pa-
tients are three to four times more likely to develop HIT than med-
ical patients.50–53 We speculate that inflammation may likewise 
prime platelets for FcγRIIa signaling. For example, chemoattrac-
tant proteins released during inflammation including tumor necro-
sis factor-α, interleukin-1β, and interleukin-6 via endothelial cells 
and tissue factor positive macrophages may promote endothelial-
platelet and leukocyte-platelet interactions, and low-level throm-
bin generation, therefore reducing the threshold for procoagulant 
platelet formation in the presence of HIT antibody.54 In addition, 
PAR-1 can be cleaved by metalloproteinases, cathepsin G, or 
neutrophil elastase, which are released during inflammation. It is 
possible that non-thrombin GPCR priming could result in a similar 
increase in procoagulant platelet formation with co-stimulation 
of FcγRIIa. Our experiments, performed in whole blood, do not 
directly investigate the contribution of platelet FcγRIIa signaling 
compared with signaling via leukocytes. It is therefore possible 
that the procoagulant platelet response observed here is aug-
mented by leukocyte FcγRIIa signaling because platelet transac-
tivation by monocytes is implicated in thrombotic complications 
in HIT.8 Targeting FcγRIIa signaling at an early stage of HIT may 
be viable.8 FcγRIIa does not play a major role in platelet adhesion; 
thus, a therapeutic inhibitor is less likely to cause the increased 
bleeding seen with non-heparin anticoagulants. A humanized ver-
sion of IV.3, VIB9600, has been developed and assessed in preclin-
ical studies for treatment of immune-mediated proinflammatory 
conditions like sepsis,55 and appears to have an acceptable safety 
profile in primates.

t-SNE is an unsupervised, nonlinear technique for visualizing cel-
lular subpopulations clustered according to similar flow cytometry 
characteristics, previously used to visualize platelet activation pro-
file differences in patients with inherited platelet disorders.56 We 
used this technique to visualize the FcγRIIa blockade mediated re-
versal of platelet subpopulation changes induced by HIT plasma and 
demonstrate a clear difference between the reversibility of platelet 
subpopulation changes induced by PAR-1 compared with thrombin 
stimulation in the presence of HIT antibody. This difference may be 
due to non-PAR-1 effects of thrombin. Upon thrombin stimulation, 
PAR-1 forms heterodimers with PAR-4, and PAR-4 forms heterodi-
mers with P2Y12, likely leading to enhanced cleavage of PAR-4 and 
downstream AKT activation. PAR-4 cleavage is associated with sus-
tained intracellular calcium flux triggering procoagulant activity that 
cannot be dissociated from platelet activation. Thus, although sin-
gle GPCR agonists are not able to generate procoagulant platelets 
in the absence of the HIT antibody, thrombin (including exogenous 
thrombin), will directly generate a proportion of procoagulant plate-
lets that can support further thrombin formation in a feed-forward 
loop. Procoagulant components in both HIT+ and HIT− plasma ap-
pear to potentiate this (Figure 6), with the HIT antibody providing an 
additional procoagulant driver (identified through the partial rever-
sal of procoagulant platelets in the presence of IV.3 antibody with 
thrombin+CRP-xL). We suggest that this thrombin-driven, heparin-
independent procoagulant response (Figure 6) may be a mechanism 
for the known ongoing thrombotic risk after cessation of heparin 
when direct thrombin inhibition is not commenced. Furthermore, 
these data suggest that application of FcγRIIa blockade is likely to be 
most effective before excess thrombin generation. Investigation of 
the effects of inhibiting thrombin pathways, such as the PAR-1 and 
PAR-4 receptors, on procoagulant platelet response in HIT antibody-
sensitized platelets, would help to further define the mechanisms by 
which thrombin acts in HIT, and could give rise to further therapeu-
tic options.

This study has limitations. A larger validation cohort of HIT+ 
plasmas would be useful; however, the samples used were mul-
ticenter and well-characterized, and HIT diagnosis was inde-
pendently verified by expert clinicians blinded to assay results. 
This study looked only at HIT plasma effect on healthy donor 
platelets. Future studies could directly examine procoagulant 
platelet responses in platelets from patients with HIT, both at 
time of diagnosis and upon resolution. Although we determined 
the contribution of FcγRIIa to procoagulant platelet response fol-
lowing stimulation with agonists together with HIT antibody, we 
did not explore the relative contribution of platelet compared with 
leukocyte FcγRIIa signaling, nor the impact of inhibiting down-
stream signaling targets, like spleen tyrosine kinase, Src family ki-
nase, and Bruton's tyrosine kinase. A strength of the study is that 
plasmas used for the validation cohort were well-characterized 
because they had previously been used in published comparisons 
of chemiluminescence, ELISA, and SRA platforms.28,29

In conclusion, we expanded on current literature to show 
plasma from HIT patients, in presence of PAR-1 agonist and 



986  |    LEE et al.

therapeutic-concentration heparin, markedly increased the proco-
agulant platelet proportions in donor platelets mediated through 
FcγRIIa. This mechanism may contribute to the hypercoagulability 
that causes the high thrombotic morbidity and mortality associ-
ated with HIT. Moreover, we showed that our flow cytometry-
based procoagulant platelet assay can accurately differentiate 
HIT from thrombocytopenia because of other causes, laying the 
foundations for a novel, rapid, yet accurate HIT diagnostic assay 
that can be adapted for diagnosis of other immune-thrombotic 
conditions.
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