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KEY PO INT S

l Patients with sepsis
show an acquired
platelet function
defect with massive
loss of GPVI receptor
responsiveness.

l Platelet GPVI
dysfunction is evident
already at early
disease onset and
restores when
patients recover.

Glycoprotein VI (GPVI), the platelet immunoreceptor tyrosine activating motif (ITAM)
receptor for collagen, plays a striking role on vascular integrity in animal models of in-
flammation and sepsis. Understanding ITAM-receptor signaling defects in humans suf-
fering from sepsis may improve our understanding of the pathophysiology, especially
during disease onset. In a pilot study, platelets from 15 patients with sepsis were assessed
consecutively at day of admission, day 5 to 7, and the day of intensive care unit (ICU)
discharge and subjected to comprehensive analyses by flow cytometry, aggregometry,
and immunoblotting. Platelet functionwasmarkedly reduced in all patients. The defect was
most prominent after GPVI stimulation with collagen-related peptide. In 14 of 15 patients,
GPVI dysfunction was already present at time of ICU admission, considerably before
the critical drop in platelet counts. Sepsis platelets failed to transduce the GPVI-mediated
signal to trigger tyrosine phosphorylation of Syk kinase or LAT. GPVI deficiency was
partially inducible in platelets of healthy donors through coincubation in whole blood,

but not in plasma from patients with sepsis. Platelet aggregation upon GPVI stimulation increased only in those
patients whose condition ameliorated. As blunted GPVI signaling occurred early at sepsis onset, this defect
could be exploited as an indicator for early sepsis diagnosis, which needs to be confirmed in prospective studies.
(Blood. 2021;137(22):3105-3115)

Introduction
In sepsis, thrombocytopenia is frequent and, at least in part,
considered to be a consequence of disseminated intravasal co-
agulation (DIC). A low platelet count is accounted for in the di-
agnostic sequential organ failure assessment (SOFA) score and
associated with a poor prognosis.1 In addition, an increasing body
of evidence suggests that platelets are also functionally altered in
sepsis.2 As sepsis definitions have been specified over the last
decades and patient cohorts differ substantially between distinct
studies, the identified platelet defects do not provide a clear
picture but are rather contradictory. Most platelet agonists like
ADP or thrombin act via G protein–coupled receptors that lead to
calcium influx, followed by integrin activation and release of in-
ternal granules.3 Collagen, in contrast, binds to the immuno-
receptor glycoprotein VI (GPVI), which might have also binding
sites for other ligands like fibrin.4,5 CLEC-2 is a related hem–

immunoreceptor tyrosine activating motif (ITAM) receptor with
podoplanin as the so far only identified physiological ligand.6

GPVI and CLEC-2 are essential for vascular integrity, especially
at sites of inflammation.7,8 Mouse models for sepsis are well

established, but typically hampered by the fact that the Fc re-
ceptor repertoire differs substantially between humans and
mice, with, in part, opposing signaling cascades. Claushuis and
colleagues have shown impaired immune response of GPVI2/2

mice in a Klebsiella pneumoniae inhalation model, whereas de-
pletion of CLEC-2 did not affect any responses during the induced
pneumonia.9 In contrast, Rayes and colleagues could not find a
role of GPVI, but for CLEC-2 in systemic inflammation and organ
damage, using 2 mouse models of sepsis-intraperitoneal lipo-
polysaccharide and cecal ligation and puncture.10 Although
mousemodels and bacterial strains differ, there is a growing body
of evidence that the signaling cascade shared by ITAM and
hemITAM receptors is involved in septic inflammation.11

So far, there are only a few comprehensive reports on platelet
function in human sepsis.12-14 Gawaz et al reported that platelets
in septic patients are in a preactivated state that could lead
to microthrombotic events.15,16 The observational prospective
PRESS study has recently identified an increased platelet re-
activity using point-of-care devices during early sepsis, but not in
septic shock.17
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Here, we provide results from a prospective study, where we as-
sessed platelet function at different time points in the course of sepsis.
Platelets were hyporeactive to multiple agonists, and a significant
ITAM-receptor signalingdefectwaspresent alreadyat timeof intensive
care unit (ICU) admission.We conclude that (hem)ITAM-based platelet
function analysis could be exploited as a biomarker for early sepsis.

Methods
Patient recruitment and blood collection
The study was approved by the ethics committee of the University
of Würzburg (reference: 102/17-sc) and conducted according to
the Declaration of Helsinki, including its current amendments.
Informed consent was provided in written form by the patient, a
familymember, or a legal guardian. Adult patients with sepsis (age
$18 years) were recruited between September 2017 and May
2018 from 2 ICUs of the University Hospital Würzburg, comprising
a mixed medical/surgical patient cohort. Venous blood from
patients that were administered at one of the indicated ICUs was
drawn through routine-supply catheters into sodium-citrate (3.2%)
monovettes. Patients were included when diagnosed with sepsis
according to both sepsis I and sepsis III criteria. A diagnosis of
“septic shock” was assigned when at least one of the following
criteria was additionally present: (1) vasopressors essential for the
maintenance of a mean arterial pressure above 65 mmHg; (2)
serum-lactate$2mmol/L (supplemental Figure 1, available on the
Blood Web site). Patients were excluded due to pregnancy or an
underlying hematooncological disorder. Blood of adult healthy
volunteers, self-reporting of not having taken antiplatelet drugs
for the last 10 days, was collected by venous puncture.

Additional methods on flow cytometry, platelet function tests,
immunoblot analysis, enzyme-linked immunosorbent assay (ELISA),
bacteria, and the used statistical methods can be found in the
supplement data.

Results
Fifteen patients diagnosed with sepsis according to sepsis I18

and sepsis III19 criteria were recruited between September 2017
and May 2018 from 2 ICUs of the University Hospital Würzburg
(details in supplemental Figure 1 and supplemental Table 1) and
followed up during disease progression until the day of dis-
charge from the ICU. Most patients were included very early
during disease progression. Eight of 15 patients were transferred
to the ICU within 12 hours, 12 of 15 within 24 hours, and 15 of
15 within 36 hours after presentation at the hospital with sepsis
symptoms. Blood withdrawal was performed in 5 of 15 patients
within 24 hours, in 13 of 15 patients within 48 hours, and in 15 of
15 patients within 72 hours after hospital presentation.

Median age was 70 years with a range of 19 to 84 years. The
focus of infection, identified pathogens, and applied therapies
were diverse: only 1 patient was under clopidogrel therapy, and
1 patient received platelet transfusions of in total 1 platelet
concentrate before the follow-up analysis (Tables 1 and 2). Two
patients had previous surgery (ID 32: laparoscopic cholecys-
tectomy; ID 33: osteosynthesis 1 exploratory laparotomy). As a
control group, 19 healthy individuals (median age, 32 years;
range, 22 to 61) were included that had not taken platelet
function-relevant medication (COX inhibitors or thienopyridines)
for 10 days prior to blood sampling.

Elevated platelet biogenesis during
sepsis progression
On ICU admission, median platelet count in our cohort was
167/nL (IQR, 122.5; 231.5). Eight patients had a normal platelet
count; 5 patients were thrombocytopenic (,150/nL), and 2
patients had counts.350/nL. In 6 of the 10 patients with initially
regular or increased platelets, the counts decreased below the
lower reference value during the first week on ICU. Two patients
did not develop thrombocytopenia during the course of disease.
Until day of discharge, platelet counts had normalized in every
patient (Figure 1A). In order to determine whether sepsis had an
impact on platelet production, we analyzed the fraction of thi-
azole orange (TO)-positive, reticulated platelets,20 which in-
creased during the first 5 days in ICU (supplemental Figure 2;
Figure 1B). Thrombopoietin (TPO) plasma levels were markedly
elevated in patients with sepsis compared with the reference
range (0-168 pg/mL), implying that the regulatory feedback loop
to drive thrombopoiesis in response to low platelet counts is
functional during the course of disease (Figure 1C). Finally, mean
platelet volume, which is an independent marker of newly formed
platelets, increased significantly until time point II (Figure 1D).

Expression levels of the main platelet surface receptors for von
Willebrand factor (GPIb/IX) and fibrinogen (GPIIb/IIIa), as well as
integrin b1, remained unchanged (Figure 1E). A drop in platelet
count could also be due to an increased consumption, that is, in
response to ectopic activation of platelets in circulation. We
addressed this flow cytometrically by staining resting platelets
for activated integrin aIIbb3 (PAC-1 antibody binding) or
P-selectin (CD62P neo-exposition as a marker for a-granule
release). Unexpectedly, none of these markers was elevated on
resting platelets from patients with sepsis when compared with
controls (Figure 1F-I). Platelet preactivation was also not detected

Table 1. Characteristics of cohort study patients

Patient characteristics Sepsis (n 5 15)

Mortality 6/15

DIC (DIC score $5) 4/15

Isolated bacteria
Gram-negative species only 8/15
Gram-positive species only 3/15
Gram-negative and gram-positive species 3/15
Unknown 1/15

Infection site
Respiratory 9/15
Urinary 3/15
Other 3/15

Comorbidity
CHF 2/15
COPD 3/15
Diabetes mellitus 5/15
Chronic kidney disease 3/15

Devices
CVVHD 7/15

CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CVVHD;
continuous venovenous hemodialysis.
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in patients diagnosedwith disseminated intravascular coagulation
(DIC), according to an International Society on Thrombosis and
Haemostasis DIC score of 5 or more (data not shown), although
these patients usually suffer from severe microthrombotic events
in conjunction with increased platelet consumption.

Taken together, our data show that platelets in septic patients
are not preactivated, whereas thrombopoiesis is stimulated in
response to a lowered platelet count.

Platelets in sepsis are hyporeactive
Although platelet function is readily measured in specific point-
of-care devices, preanalytical requirements define minimal val-
ues for platelet count and hematocrit that are often not achieved
in patients with sepsis. We thus decided to perform a compre-
hensive platelet function analysis, comprising flow cytometry and
light transmission aggregometry, as recommended for patients with
platelet function defects.21,22We incubatedplatelets with a synthetic
crosslinked collagen-related peptide (CRP-XL) or the snake-venom
convulxin to stimulate GPVI/ITAM signaling as well as with ADP,
which stimulates the purinergic receptors P2Y12 and P2Y1.

Stimulation of control platelets with these agonists led to
integrin activation as well as a-granule release as shown by flow
cytometry (Figure 2A-F). At time I, 10 of 15 patients showed
markedly decreased platelet integrin activation upon stimulation
with 5 mM ADP (Figure 2A). In contrast, a-degranulation was
significantly reduced in only 8 of 15 patients compared with
controls (Figure 2B). When 0.01 mg/mL CRP-XL was used, almost
all patients (14/15) revealed a markedly reduced response for
both readouts (PAC-1 binding or CD62P exposure) (Figure
2C-D), suggesting that the response to this agonist is more
severely affected. Although integrin GPIIb/IIIa activation was

completely abrogated, we found that in some sepsis patients a
platelet subpopulation became partially CD62P positive (see
also histograms in supplemental Figure 3). When platelets were
stimulated with 0.01 mg/mL convulxin, an impaired activation
response was still evident, albeit to a lesser extent compared
with CRP-XL (Figure 2E-F). This can be explained by the multi-
valent binding properties of convulxin, leading to increased
GPVI clustering. Moreover, convulxin has been reported to in-
teract with GPIb, which might modulate the signal strength
compared with CRP-XL.23 Interestingly, this hyporeactivity was
observed before platelet counts decreased under 150/nL,
suggesting that platelets become dysfunctional during early
sepsis progression. Of note, CD62P exposure was less affected
as compared with integrin aIIbb3 activation in response to all
tested platelet agonists.

For 8 of 15 patients, the obtained biomaterial was sufficient to
also perform light transmission aggregometry. Platelet aggre-
gation was markedly reduced during disease progression in all
tested sepsis patients in response to CRP-XL when compared
with controls. At time III (discharge from ICU), themaximal platelet
aggregation rate in response to 0.1 mg/mL CRP-XL partially had
recovered, although the difference between time II and III was not
statistically significant (Figure 2G-H).

An abolished aggregation response was also detected in 5 of
8 patients at time I, when platelets were stimulated with 10 nM
of CLEC-2 agonist rhodocytin, whereas platelets of 3 patients
reacted normally. Maximum aggregation upon rhodocytin treat-
ment had completely recovered at day of discharge (time III)
(Figure 2I-J). Stimulation with 10 mM of PAR-1 receptor agonist
TRAP-6 led to a moderate platelet aggregation of 21% at day
of ICU admission (mean, 34%), indicating a remaining platelet

Table 2. Clinical chemistry and SOFA score of study patients over the time

Laboratory values, median (IQR) Admission day (n 5 15) Day 5 to 7 at ICU (n 5 11) ICU discharge (n 5 7)

WBC (5000-12 000/mL) 19 150 (11 050-23 725) 11 300 (8350-14 375) 7500 (7000-9525)

RBC (4-6 3 106/mL) 3.31 (3.09-3.51) 2.47 (2.39-2.69) 2.87 (2.32-3.11)

Hb (14-8 g/dL) 10.2 (9.7-11.0) 8.0 (7.45-8.35) 8.6 (7.6-9.4)

Hct (42% to 50%) 29.9 (28.8-33.1) 23.8 (21.8-25.4) 25.7 (22.9-28.6)

MCV (82-4 fL) 92.6 (89.8-96.6) 91.9 (90.6-96.2) 92.9 (91.0-95.2)

MCH (27-33 pg) 30.7 (29.8-32.5) 31.7 (30.0-33.5) 30.2 (30.0-31-6)

MCHC (32-36 g/dL) 33.3 (33.1-34.2) 33.8 (33.3-34.0) 33.2 (32.7-33.3)

Creatinine (0-1.17 mg/dL) 1.94 (1.40-2.86) 1.69 (1.13-2.45) 3.54 (1.72-5.33)

Bilirubin (0.1-1.2 mg/dL) 1.7 (0.9-5.0) 2.3 (1.3-5.1) 1.7 (1.2-3.8)

Urea (10-50 mg/dL) 84.2 (63.1-130.6) 77.1 (36.75-128.2) 81.25 (36.8-102.2)

C-reactive protein (0-0.5 mg/dL) 25.8 (19.9-33.0) 12.6 (11.1-16.8) 5.5 (3.8-6.5)

PCT (0-0.5 ng/dL) 21.4 (6.1-48.5) 14.3 (8.5-28.0) ND

Severity scores
SOFA score 9 (8-11) 9 (7.5-10) 5 (4-7.5)

Hb, hemoglobin; Hct, hematocrit; IQR, interquartile range; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; ND,
not determined; PCT, procalcitonin; RBC, red blood cell count; WBC, white blood cell count.
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aggregation potential under septic conditions (Figure 2K-L). Taken
together, our results demonstrate that during sepsis, platelets are
overall less responsive to agonists, but show a selective dysfunction
toward the collagen receptor GPVI. This dysfunction recovered
when the patient’s condition ameliorated.

Increased GPVI ectodomain shedding in patients
with sepsis
Next, we analyzed whether the impaired platelet function was
causedby altered receptor expression.AlthoughCLEC-2 levelswere
unaltered, GPVI surface expression was partly reduced compared
with controls (Figure 3A-B). Immunoblot analysis of platelet lysates
confirmed that GPVI was slightly reduced compared with controls
(Figure 3C). Protein levels were further decreased after platelet
activationwith CRP-XL. In linewith this, plasma levels of solubleGPVI

ectodomain were not markedly elevated until day 5 to 7 (time
point II) compared with healthy individuals (Figure 3D).

Our results thus imply that the defective response to GPVI
signaling is not due to ectodomain shedding and that soluble
GPVI is not a suitable biomarker for early sepsis.

Platelets from patients with sepsis show impaired
(hem)ITAM signaling
Next, we analyzed the GPVI/CLEC-2 signaling cascades in pa-
tients with sepsis in more detail. The global pattern of proteins
that are constitutively phosphorylated in resting platelets was
without any obvious difference between sepsis patients and
controls (Figure 4A-B). Upon stimulation with 0.1 mg/mL CRP-XL

or 10 nM rhodocytin, controls showed an induction of additional
tyrosine phosphorylation, which was absent in patients with sepsis.
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Figure 1. Elevated platelet biogenesis during sepsis progression.Characteristics of patients with sepsis (S) are displayed at the following time points: I: admission day; II: day
5 to 7; and III: day of ICU discharge. (A) Platelet count. (B) Reticulated platelets indicated as TO-positive fraction were assessed by flow cytometry. (C) TPO levels in sepsis plasma
were determined by ELISA. (D) Mean platelet volume. (E) Main platelet receptor and integrin expression were analyzed by flow cytometry in patients and corresponding healthy
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using Wilcoxon matched-pairs signed rank test (A,C,D). Kolmogorov-Smirnov test (E). Kruskal-Wallis test (B, G, I). n.s., nonsignificant. *P , .05; **P , .01; ***P , .001;
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This difference was most evident for a band of ;72 kDa, known
to reflect Syk (Figure 4A-C; supplemental Figure 4). Using phospho-
epitope–specific antibodies directed against pSyk (525/526) or
pLat (191), we could confirm that the ITAM-signaling cascade
downstream of GPVI is markedly affected in platelets from patients
with sepsis (Figure 4D-F).

Members of the immunoreceptor tyrosine inhibitory motif protein
family are major negative regulators of ITAM-receptor signaling
by Src-dependent phosphorylation of protein tyrosine phospha-
tases SHP-1 and SHP-2, leading to subsequent dephosphorylation
of many activated signaling molecules.24,25

The phosphorylation levels of SHP-1 or SHP-2 in resting platelets
of sepsis patients were unaltered as compared with controls.
Both proteins became phosphorylated upon CRP-XL or rhodocytin
stimulation in platelets from healthy donors. In contrast, platelets
from patients with sepsis failed to induce SHP-1 or SHP-2 tyrosine
phosphorylation (Figure 4G-J). This observation indicates that a
constitutive basal SHP-1/2 activity is unlikely to be causative for the
activation defect in sepsis platelets and suggests that the sepsis-

mediated defect is located upstream in the ITAM-receptor cas-
cades because of the dysfunctional feedback mechanism.

Taken together, this set of experiments strongly implies that the
GPVI signaling cascade (including Syk and LAT) is massively
impaired, albeit not completely abrogated.

CRP-XL dose escalation restored activation and
aggregation of platelets in sepsis
We next asked whether the signaling defect in platelets from
patients with sepsis could be overcome by dose escalation.26 In-
deed, when a 10-fold excess concentration of CRP-XL was used in
aggregometry (and 100-fold in flow cytometry), the response
was normalized to control values, as shown by normal CD62P
exposure and integrin aIIbb3 activation. Moreover, the maximal
aggregation increased up to reference levels (Figure 5A-D),
concomitantly with increased tyrosine phosphorylation levels,
detected by immunoblotting (Figure 5E-F). Taken together, these
data support our finding that during sepsis the signaling cascades
in platelets are markedly attenuated, but not completely
abrogated.
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Platelet hyporeactivity is not inducible through
bacteria or plasmatic factors
The hitherto assessed findings do not allow differentiation
whether in septic patients hyporeactive platelets are produced
de novo, based on altered megakaryopoiesis, or platelet dys-
function is induced in circulating platelets.

In 14 of 15 patients, at least 1 bacterial strain was identified from
distinct material as indicated (see supplemental Table 2). As
several strains have been reported to have a direct or indirect
effect on platelet function,27,28 we next analyzed whether the
GPVI signaling defect was affected by isolated bacteria. We
expanded and purified 1 gram-positive (Enterococcus faecalis
ID-S29) and 2 gram-negative strains (Escherichia coli ID-S28 and
K pneumoniae ID-S23), which were cultured under either co-
lonial or planktonic growth conditions. Platelets were isolated
from 3 healthy controls and coincubated with bacteria in a serial
dilution of 0.1 to 0.001 OD600. As a positive control, we used a
Porphyromonas gingivialis strain, which was recently described
to directly induce platelet aggregation.29 Upon coincubation
with the highest concentration (OD600 5 0.1) of P gingivalis,
platelets were readily activated, as shown by CD62P expression.

Surprisingly, besides P gingivalis, only incubation with E faecalis
led to a discrete platelet activation (Figure 6A-D). K pneumonia
or E coli did not induce CD62P exposure. After bacterial coin-
cubation, platelets of 3 healthy controls demonstrated an un-
altered response to CRP-XL stimulation.

Taken together, these data suggest that the defective GPVI/ITAM
signaling was not directly caused by platelet-bacterial interactions.

As all patients with sepsis received antibiotic therapy, we also
evaluated whether antimicrobial drugs could reduce GPVI/CLEC-2
reactivity. We selected the commonly used antibiotics piperacillin/
tazobactam, ciprofloxacin, metronidazole, and vancomycin, which
differ in mode of action and do not require first-pass activation

(supplemental Table 2) for incubation with whole blood of healthy
donors at therapeutic peak plasma levels. None of these drugs had
an impact on GPVI-mediated platelet reactivity (supplemental
Figure 5), making it unlikely that any of the used antibiotic drugs
could account for the observed platelet dysfunction.

To investigate whether plasmatic or cellular factors of patients
with sepsis impair platelet function, we performed incubation
experiments using platelet poor plasma (PPP) and whole blood
of sepsis patients. Incubation of resting platelets from healthy
donors in plasma of patients with sepsis did not lead to elevated
CD62P expression or PAC-1 binding. Moreover, preincubation
in sepsis plasma did not cause a diminished response to CRP-XL

or TRAP-6 agonists (Figure 6E; supplemental Figure 6A-B).
Freshly isolated PPP or cryopreserved PPP led to comparable
results, as confirmed by flow cytometry or aggregometry (sup-
plemental Figure 6C). Our data thus imply that platelet hypo-
reactivity during sepsis is not primarily induced by plasmatic
factors. In contrast, preincubation of antibody-marked healthy
donor platelets in whole blood of septic patients clearly di-
minished the response toward CRP-XL, suggesting that the
abrogated GPVI signaling is partially (co-)mediated by cellular
components (Figure 6F).

Discussion
In this pilot cohort study, we performed a comprehensive platelet
function analysis in 15 consecutive patients suffering from sepsis
or septic shock. Despite the small cohort size, with limited un-
derlying infection types and sites, we have found a surprisingly
uniform and pronounced hyporeactivity of platelets to multiple
agonists. As a result of the longitudinal assessment of platelet
function in this prospective study, we hypothesize that acquired
platelet function to various agonists, but especially to GPVI, might
be an early event during sepsis onset and disease progression.

Although our data demonstrate that platelet hyporeactivity
was most pronounced upon stimulation with the GPVI-agonist
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CRP-XL, we cannot rule out that other receptors (like CD42b)
might modulate the signal strength.23 GPVI and its downstream
signaling cascade of the SFK-Syk-LAT-PLCg2 pathway is highly
relevant for the maintenance of vascular integrity7 and plays a
beneficial role for host defense.9 Its dysfunction might contrib-
ute to inflammatory immune responses30 and progression into
capillary leakage syndrome. Using rhodocytin, a comparable
platelet signal transduction defect was evident, implying that
also the signaling cascade downstream of CLEC-2 is affected. It
remains unclear whether downregulation of the common ITAM-
signaling pathway occurs to prevent overwhelming activation
because of the sudden increase in activating ligands (like his-
tones, fibrin, or collagen) exposed in response to vessel damage

or the inflammatory condition.9 By this means, an unwanted
consumption of peripheral platelets could be counteracted.

Results from mouse studies provide evidence that ectopic ex-
pression of podoplanin, the only yet identified physiological
ligand for CLEC-2, can be found on leukocyte subsets in re-
sponse to a septic trigger. CLEC-2–leukocyte interactions are
involved in platelet dysfunction during sepsis10 and can trigger
the release of complement inhibitors from platelet granules.31

In our study, we could not detect any significant increase in
podoplanin expression on CD141/CD451 leukocytes (supple-
mental Figure 8A). Nonetheless, we found an increased ratio of
CD41a1/CD451 complexes as a marker for platelet-leukocyte

2.5
Phosphorylation

2.0

1.5

1.0

0.5

C- R

HC I II III

C- R C- R C- R

72
 kD

a i
nt

en
sit

y i
n 

AU

-

-GAPDH

-SHP-1

72

72

130
95

55

36

72
55

36

-pSHP-1

-GAPDH

-pTyr

HC S

C- RC- R

HC I

C- RC- R

2.5

2.0

Phospho-SHP-2

1.5

1.0

0.5

C- R

HC I

C R

pS
HP

-2
/S

HP
-2

 in
 A

U

2.5

2.0

Phospho-SHP-1

1.5

1.0

0.5

C- R

HC I

C- R

pS
HP

-1
/S

HP
-1

 in
 A

U

A C
HC III

C- RC- R

B

72

72

95

95

36

-pSyk

-pLAT

-Syk

HC I

C- RC- R

D

-

2.0
Phospho-LAT

1.5

1.0

0.5

C- R

HC I

C R

pL
AT

/S
yk

 in
 A

U

2.0
Phospho-Syk

1.5

1.0

0.5

C- R

HC I

C- R

pS
yk

/S
yk

 in
 A

U

E

G

-GAPDH

-SHP-2

72

72

36

-pSHP-2

HC S

C- RC- R

I

H J

F

Figure 4. Sepsis platelets show impaired (hem)ITAM signaling.Washedplatelets (500 000/mL) of healthy controls (HC) and patients with sepsis (S) were stimulatedwith CRP-XL (C)
and rhodocytin (R). Lysis was done at the following time points: C: 5 minutes; R: 10 minutes. I: admission day; II: day 5 to 7; and III: day of ICU discharge. (A-C) Western blot analysis of
platelet lysates. Stainingwasperformedwith anti-phospho-tyrosine antibody 4G10. Band intensity (72 kDa)was set in relation to signal intensity of SykorGAPDH inAU. Representative
blots are shown in panels A (time point I) and B (time point III). (D-F) Phosphorylation of signaling peptides Syk and Lat was investigated by immunoblot. One representative blot is
shown in panel D. (G-J) Phosphorylation analysis of immunoreceptor tyrosine inhibitorymotif signaling associatedphosphatases SHP-1 and SHP-2. Phosphoprotein intensitywas set in
relation to intensity of unphosphorylated protein shown in panels H and J. Representative western blots are shown in panels G and I. All graphs display median 6 IQR.

DEFECTIVE PLATELET GPVI SIGNALING IN SEPSIS blood® 3 JUNE 2021 | VOLUME 137, NUMBER 22 3111

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/137/22/3105/1808238/bloodbld2020009774.pdf by guest on 19 M

ay 2023



aggregates (supplemental Figure 8B). This is in line with previous
studies15 and suggests that platelets might become activated
because of direct contact with leukocytes. The role of (hem)ITAM
signaling in this matter, however, remains unclear.

A growing body of evidence supports the importance of plate-
lets for the regulation of inflammation and host defense.
Claushuis and colleagues have shown an impaired immune
response of GPVI2/2 mice in a K pneumoniae inhalation mouse
model, whereas CLEC-2 depletion did not affect responses
during induced pneumonia.9 In contrast, Rayes and coworkers
could not find a role for GPVI, but for CLEC-2 in systemic

inflammation and organ damage, using 2 mouse models of
sepsis–intraperitoneal lipopolysaccharide and cecal ligation and
puncture.10 Although mouse models and bacterial strains differ,
there is strong evidence that the signaling cascade shared by
ITAM and hemITAM receptors is involved in septic inflammation.11

Furthermore, platelets store antimicrobial proteins and comple-
ment inhibitors known to be bactericidic to some species, in-
cluding Staphylococcus aureus, Bacillus subtilis, or E coli.30,31

Because a-granule release is most efficient when in close contact
to bacteria, a microbe-dependent platelet activation should occur
to some extent. We tested whether the impaired platelet func-
tion could be explained by a direct platelet-bacteria interaction.
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Although stimulation with P gingivalis could activate platelets,29

also in our experimental setup, none of the distinct patient-borne
bacterial strains could induce hyporeactivity in platelets of healthy
donors or directly activate healthy platelets (in their own blood or
plasma), implying that the bacteria themselves are not the key
trigger for the hyporeactivity. This finding is independently sup-
ported by the fact that several gram-positive and -negative strains

were used, making a common bacteria-mediated mechanism for
downregulation of GPVI signaling unlikely. Furthermore, we did
not find evidence that the antimicrobial drugs used in treatment of
our patients were accountable for the platelet dysfunction, al-
though we are fully aware that this is difficult to assess due to the
small cohort size. Although preincubation of healthy platelets in
plasma of patients with sepsis did not impair their reactivity,
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preincubation in whole blood significantly reduced their response
to CRP-XL, albeit not to the same extent as in sepsis patients. This
finding implies that platelet hyporeactivity is partially inducible in
healthy platelets and further modulated by cellular interactions.
Investigating the full mechanism will require further studies.

We found GPVI receptor ectodomain shedding could account,
at least in part, for the observed platelet hyporeactivity,32-34

which has recently been shown in trauma patients.35 Shedding of
surface receptors is a common mechanism involved in down-
regulating of various signal-transduction pathways.36 Although
elevated plasma levels of soluble GPVI are discussed as a sepsis
biomarker,37 in our cohort, we did not find a correlation between
GPVI expression, sGPVI plasma levels, and the observed GPVI
signaling deficiency. These findings do not support the hy-
pothesis of GPVI receptor shedding from the platelet surface.

A recent report provides evidence that GPVI signaling is partially
inactive in newly formed platelets but gets (re)activated when
platelets are released into the circulation.38 In our study, we found
elevated TPO plasma levels, an increased mean platelet volume,
as well as an increased fraction of TO-positive platelets as amarker
for stimulated thrombopoiesis. However, our results by flow
cytometry indicate that from sepsis onset on, the response toGPVI
agonists (especially integrin activation) was uniformly reduced
in the entire platelet population. This observation points to
a mechanism that affects all circulating platelets rather than a
gradual shift toward the predominance of a platelet population
with hyporeactivity or the selective loss of a platelet subfraction.
Middleton and colleagues have recently demonstrated that hu-
man and mouse platelets change their gene expression profile
under septic conditions.39 As the described GPVI defect in our
patients was detectable already hours after sepsis onset, we
consider that altered biogenesis ismost likely not themajor source
of hyporeactive platelets, at least in our cohort.

Interestingly, the value of maximal aggregation upon CRP-XL

stimulation increased as the patients recovered. This tendency
was not found when we studied this agonist by whole blood flow
cytometry. This discrepancy could be explained by the fact that a
few functional integrin molecules are sufficient to induce platelet
aggregation.40 Regarding the new outstanding data on sepsis
phenotypes, most of our study patients show a pattern that is
typical for the d-phenotype according to the laboratory pattern,
the high mortality, and the high prevalence of septic shock.41

Our study has several limitations: (1) Our patient number is rather
small. The main interest was to provide a comprehensive and
complementary set of platelet function tests and agonists rather
than performing standard stimulations like CD62P with few ago-
nists. A second focus was to follow these broad platelet function
results during disease progression, not knowing whether pa-
tients would aggravate or recover. We thus decided to design a
hypothesis-forming pilot study with an extensive array of tests over
time. Further studieswith larger cohorts are required to corroborate
our selective GPVI signaling defect. (2) All our patients are of white
descent, but we did not consider GPVI variants. Two frequent
haplotypes (GP6a and GP6b) have been reported, resulting in
protein variants GPVIa (a/a), GPVIb (a/b), and GPVIc (b/b). GPVIc
expression results in a slightly diminished GPVI surface expres-
sion and reduced reactivity.42-44 In a recent pediatric sepsis cohort
study, patients with GPVIb showed increased platelet microparticle

formation and an overall worse outcome compared with patients
with GPVIa.45We could determine that 5 of 7 of our patients (where
DNA was available) had GPVIa and 2 of 7 had GPVIb variants
(supplemental Table 1), without any obvious difference in reactivity
(data not shown), suggesting that the distinct GP6 haplotypes are
unlikely to explain why all patients in our cohort show a virtually
identical defect in (hem)ITAM signaling. (3) Finally, our study was
not powered to control for survival as a major end point. The clear
separation of survivors vs nonsurvivors with restoredGPVI signaling
(supplemental Figure 9), however, is an observation worth fol-
lowing in future studies.

In summary, our study provides several lines of evidence that
different platelet signaling pathways are severely dysregulated
during sepsis and that especially the defective response to GPVI
agonists could be exploited as an early biomarker for the di-
agnosis of sepsis.

Acknowledgments
The authors thank Goetz Ulrich Grigoleit for his support as consulting
physician, as well as Heike Claus and Ulrich Vogel for their support with the
bacterial experiments. Thanks to David Stegner and Andreas Starke for
establishing the sGPVI-ELISA, to Attila Braun for comments on the man-
uscript, and to Irina Pleines for language editing and critical comments on
the manuscript. Eva Klopocki helped with the GP6 haplotype analysis.

This work was funded, in part, by the Deutsche Forschungsgemeinschaft
(German Research Foundation), Projektnummer 374031971-TRR 240
(H.S., B.N.). L.J.W., G.M., D.W., and H.S. have filed a patent (EP19190817.7)
related to this study.

Authorship
Contribution: L.J.W. designed and performed experiments, analyzed data,
and wrote the manuscript; G.M. designed experiments, analyzed data, and
wrote the manuscript; A.P. designed and performed experiments; N.W.
performedexperiments;N.N.,M.K., andD.W. designed the study and cared
for study patients; M.W. analyzed data; B.N. provided reagents and ana-
lyzed data; T.-T.L. designed experiments and analyzed data; H.S. designed
the concept and experiments, analyzed data, andwrote themanuscript; and
all authors critically revised and approved the final manuscript.

Conflict-of-interest disclosure: The authors declare no competing fi-
nancial interests.

ORCID profiles: L.J.W., 0000-0002-7550-2115; M.K., 0000-0003-2183-
033X; B.N., 0000-0003-1454-7413; D.W., 0000-0001-9732-4543; H.S.,
0000-0003-1285-6407.

Correspondence: Harald Schulze, Institute for Experimental Biomedicine,
University Hospital Würzburg, Josef-Schneider-Strasse 2/D15, 97080
Würzburg, Germany; e-mail: harald.schulze@uni-wuerzburg.de.

Footnotes
Submitted 1 November 2020; accepted 23 March 2021; prepublished
online on Blood First Edition 7 April 2021. DOI 10.1182/blood.
2020009774.

For original data, please contact the corresponding author at
harald.schulze@uni-wuerzburg.de.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

3114 blood® 3 JUNE 2021 | VOLUME 137, NUMBER 22 WEISS et al

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/137/22/3105/1808238/bloodbld2020009774.pdf by guest on 19 M

ay 2023

https://orcid.org/0000-0002-7550-2115
https://orcid.org/0000-0003-2183-033X
https://orcid.org/0000-0003-2183-033X
https://orcid.org/0000-0003-1454-7413
https://orcid.org/0000-0001-9732-4543
https://orcid.org/0000-0003-1285-6407
mailto:harald.schulze@uni-wuerzburg.de
https://doi.org/10.1182/blood.2020009774
https://doi.org/10.1182/blood.2020009774
mailto:harald.schulze@uni-wuerzburg.de


REFERENCES
1. Claushuis TA, van Vught LA, Scicluna BP, et al;

Molecular Diagnosis and Risk Stratification of
Sepsis Consortium. Thrombocytopenia is as-
sociated with a dysregulated host response in
critically ill sepsis patients. Blood. 2016;
127(24):3062-3072.

2. de Stoppelaar SF, van ’t Veer C, van der Poll T.
The role of platelets in sepsis. Thromb Hae-
most. 2014;112(4):666-677.

3. Offermanns S. Activation of platelet function
through G protein-coupled receptors. Circ
Res. 2006;99(12):1293-1304.

4. Alshehri OM, Hughes CE, Montague S, et al.
Fibrin activates GPVI in human and mouse
platelets. Blood. 2015;126(13):1601-1608.

5. Nieswandt B, Watson SP. Platelet-collagen
interaction: is GPVI the central receptor?
Blood. 2003;102(2):449-461.

6. Watson SP, Herbert JM, Pollitt AY. GPVI and
CLEC-2 in hemostasis and vascular integrity.
J Thromb Haemost. 2010;8(7):1456-1467.

7. Boulaftali Y, Hess PR, Getz TM, et al. Platelet
ITAM signaling is critical for vascular integrity
in inflammation. J Clin Invest. 2013;123(2):
908-916.

8. Goerge T, Ho-Tin-Noe B, Carbo C, et al.
Inflammation induces hemorrhage in throm-
bocytopenia. Blood. 2008;111(10):
4958-4964.

9. Claushuis TAM, de Vos AF, Nieswandt B, et al.
Platelet glycoprotein VI aids in local immunity
during pneumonia-derived sepsis caused by
gram-negative bacteria. Blood. 2018;131(8):
864-876.

10. Rayes J, Lax S, Wichaiyo S, et al. The podo-
planin-CLEC-2 axis inhibits inflammation in
sepsis. Nat Commun. 2017;8(1):1-14.

11. Hitchcock JR, Cook CN, Bobat S, et al.
Inflammation drives thrombosis after Salmo-
nella infection via CLEC-2 on platelets. J Clin
Invest. 2015;125(12):4429-4446.

12. Yaguchi A, Lobo FL, Vincent JL, Pradier O.
Platelet function in sepsis. J Thromb Haemost.
2004;2(12):2096-2102.

13. Tunjungputri RN, van de Heijden W, Urbanus
RT, de Groot PG, van der Ven A, de Mast Q.
Higher platelet reactivity and platelet-
monocyte complex formation in Gram-
positive sepsis compared to Gram-negative
sepsis. Platelets. 2017;28(6):595-601.

14. Adamzik M, Görlinger K, Peters J, Hartmann
M. Whole blood impedance aggregometry as
a biomarker for the diagnosis and prognosis of
severe sepsis. Crit Care. 2012;16(5):1-12.

15. GawazM, Fateh-Moghadam S, Pilz G, Gurland
HJ, Werdan K. Platelet activation and in-
teraction with leucocytes in patients with
sepsis or multiple organ failure. Eur J Clin
Invest. 1995;25(11):843-851.

16. GawazM, Fateh-Moghadam S, Pilz G, Gurland
HJ, Werdan K. Schweregrad des Multi-
organversagens (MOV) jedoch nicht der
Sepsis korreliert mit irreversibler De-
granulation zirkulierender Thrombozyten [Se-
verity of multiple organ failure (MOF) but not
of sepsis correlates with irreversible platelet
degranulation]. Infection. 1995;23(1):16-23.

17. Akinosoglou K, Theodoraki S, Xanthopoulou I,
et al. Platelet reactivity in sepsis syndrome:
results from the PRESS study. Eur J Clin
Microbiol Infect Dis. 2017;36(12):2503-2512.

18. Bone RC, Balk RA, Cerra FB, et al; The ACCP/
SCCM Consensus Conference Committee.
American College of Chest Physicians/Society
of Critical Care Medicine. Definitions for
sepsis and organ failure and guidelines for the
use of innovative therapies in sepsis. Chest.
1992;101(6):1644-1655.

19. SingerM, Deutschman CS, Seymour CW, et al.
The Third International Consensus definitions
for sepsis and septic shock (sepsis-3). JAMA.
2016;315(8):801-810.

20. Briggs C, Kunka S, Hart D, Oguni S, Machin SJ.
Assessment of an immature platelet fraction
(IPF) in peripheral thrombocytopenia. Br
J Haematol. 2004;126(1):93-99.
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