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ABSTRACT

Platelets are the blood cells in charge of maintaining the body haemostasis, recognising the
damaged vessel wall, and providing the appropriate cellular surface for the coagulation cascade
to act locally. Additionally, platelets are active immunomodulators. At the crossroads of
haemostasis and inflammation, platelets may exert either beneficial actions or participate in
pathological manifestations and have been associated to the prothrombotic nature of multi-organ
failure in systemic inflammation. Platelet number alterations have been reported in sepsis, and
platelet transfusions are given to thrombocytopenic patients. However, the risk to develop
transfusion related acute lung injury (TRALI) is higher in sepsis patients. In this manuscript we
show that platelets produced during inflammation in preclinical mouse models of sterile
inflammation display lower aggregation capacity when stimulating certain receptors, while
responses through other receptors remain intact, and we name them “inflammation-conditioned”
platelets. In a cohort of sepsis patients, we observed, as previously reported, alterations in the
number of platelets and platelet hyperreactivity. Furthermore, we identified a receptor-wise
platelet aggregation response disbalance in these patients, although not similar to platelets from
preclinical models of sterile inflammation. Interestingly, we generated evidence supporting the
notion that platelet aggregation capacity disbalance was partially triggered by plasma components
from sepsis patients. Our findings have implications in the indication of platelet transfusions in
sepsis patients: Are fully functional platelets suitable for transfusion in sepsis patients? Current
Clinical Trials (RESCUE) will answer whether platelet production stimulation with thrombopoietin
receptor agonists (TPO-RAS) could be a substitute of platelet transfusions.



INTRODUCTION

Platelets are known as the blood cells responsible for maintaining the body haemostasis; they
form blood clots (thrombi) at the site of endothelial damage, preventing bleeding.[1] They have a
life-span of 5-9 days and around 10 platelets are produced every day by an average healthy
adult. In mice, the life-span is 3-5 days, and production is around 10%° platelets/day. Haemostatic
platelet function is highly dependent on the synergistic action of a number of receptors and can
be summarised in three different steps: recognition of the damaged vessel wall, platelet activation
(including granule release and shape conformation changes) and thrombus formation.[2] When
the endothelial layer is injured, collagen and vVWF, amongst other molecules, are exposed.
Collagen and vVWF are recognised by platelet a2p1/GPVI and vVWF receptor respectively, and this
leads to a cascade of synergistic events inducing platelet granule release and shape
conformational changes, and the activation of allbB3 integrin (fibrinogen/fibrin receptor) on
platelets, which is absolutely necessary for thrombus formation.[2] These events assure the
formation of the blood plug and endothelium repair, through the interaction with the endothelium
and other cells recruited such as leukocytes, fibroblasts and platelets themselves.[3]

However, there is emerging acceptance that platelets play other roles than mere haemostasis.[4]
Platelets have inflammatory functions and influence both innate and adaptive immune responses
and it has been shown that they play essential opposite roles in cancer.[5-8] Furthermore, recent
identification of the podoplanin receptor in platelets (Clec2) has led to the discovery of the crucial
role of platelets in various physiological processes through this receptor.[9, 10]

Platelets are formed from precursor megakaryocytes derived from hematopoietic stem cells,
whose commitment to the megakaryocytic lineage is stimulated by rising plasma levels of the
hormone thrombopoietin (TPO).[1, 11] However, the exact mechanism how this occurs has been
a matter of debate, and platelet production has not yet been successfully mimicked in vitro.[12,
13] In fact, how other humoral factors affect megakaryopoiesis is not yet completely understood,
since cMpl (TPO receptor) or TPO null mice still produce low levels of platelets, so do patients
with deleterious mutations in cMpl.[14-16]

Platelet apheresis products are used for transfusion to thrombocytopenic patients who are at risk
of bleeding or that have developed bleeding episodes. One of the major populations receiving
platelet transfusions are sepsis patients, in which as a consequence of their condition and/or
treatment the platelet counts drop severely. A serious concern considering sepsis patients is the
prevalent high risk of transfusion related acute lung injury (TRALI, 1 in 5000), which in 50% of the

cases becomes fatal, making it the leading cause of death after transfusion therapy.[17, 18] There



is emerging evidence that platelets and neutrophils are major contributors to TRALI.[19, 20] In a
mouse model of TRALI that is neutrophil- and platelet-dependent, targeting platelet activation with
either aspirin or allbf3 integrin inhibitor decreased lung injury, proving the direct role of platelets
in the development of TRALI.[20] While it seems that targeting platelet function or their interaction
with neutrophils sounds as a promising solution against TRALI,[19] allbB3 integrin inhibition would
also compromise the haemostatic function of platelets and would therefore not be suitable as a
treatment, when sepsis patients suffer from bleeding.

In an effort to gain knowledge on platelet function in the context of subjacent inflammation, we
characterised the platelet aggregation capacity upon stimulation with a battery of agonists in
murine preclinical models of acute or chronic inflammation and in a cohort of sepsis patients. Our
findings have implications in the indication of platelet transfusions in sepsis patients, which we

discuss below.



MATERIAL AND METHODS
Mice

Mice were maintained at the Netherlands Cancer Institute (NKI) or the Academic Medical Center
(AMC) in Amsterdam under specific pathogen-free conditions. Animal experiments were
approved by the NKI or AMC Animal Ethics Committee, respectively. The acute sterile
inflammation model was induced by injecting intravenously 5 pg of LPS (Sigma-Aldrich) in 100
UL of sterile PBS in wild-type C57BL/6J mice. Control C57BL/6J mice were injected with the same
volume of sterile PBS. Blood samples were obtained 24 hr and 5 days after injection. The chronic
sterile inflammation model, i.e. CD70Tg mice, were generated on a C57BL/6J background, and
maintained heterozygously as previously described.[21, 22] These mice bear a murine CD70
transgene under the CD19 promoter; wild-type non-transgenic littermates were used as controls.

Blood samples were obtained from adult mice (approximately 12-weeks old).
Mouse blood processing

Blood was drawn by heart or cheek puncture and collected in heparin-coated vials. Blood
parameters were determined on a scil Vet abc Plus+ instrument (scil animal care company
GmbH).

Mouse flow cytometry based platelet aggregation assay (FCA)

FCA was performed as described.[23] In short, CD9-APC and CD9-PE (Abcam antibodies)
labelled platelets were mixed 1:1 in the presence of 2% wildtype mouse plasma. As agonists, we
used 100 ng/mL phorbol myristate acetate (PMA; Sigma-Aldrich); 30 nM aggretin A, 10ug/mL
collagen (Horm; Nycomed Arzneimittel GmbH) and 10ug/mL Botrocetin (Sigma-Aldrich). Time-
series samples fixed in 0.5% formaldehyde/PBS were measured on an LSRIl + HTS flow
cytometer and analysed for double-coloured events by FACSDiva Version 6.1 software (BD

Biosciences).
Human Patients and Healthy Donor cohorts

Peripheral blood samples were collected from hospitalized sepsis patients and healthy donors
after informed consent according to the guidelines of the Declaration of Helsinki. The study was
approved by the Medical Ethics Committee of the Hospital Clinico San Carlos (Madrid, Spain). All
patients included in the study were managed at the Dept. of Emergencies of the Hospital Clinico

San Carlos. A total of 35 sepsis patients were recruited (18 men and 17 women; age 86.71 *



0.90 years [average * standard error of the mean]). As controls, 27 healthy donors were recruited
for the study. Of these, 11 were age-matched controls (2 men and 9 women; age 86.18 + 1.70
years [average * standard error of the mean]), and 8 were ABO group-matched controls. The
study was done in the period 2015-2017.

Blood Sample Processing

Blood samples were collected in EDTA or citrate tubes. On the day of collection, the complete
blood counts (CBC) were measured on a Beckman Coulter haemato-counter. After that, platelet
rich plasma (PRP) was obtained by differential centrifugation and platelets were counted again in
the haemato-counter. The PRP was subject to differential centrifugation, in order to separate
platelets from plasma. In order to discard remaining cells/debri from the plasma fraction, it was
centrifuged an extra round at 10 krpm 1 min, transferred to a clean tube, and kept frozen at -80°C
until further use. The platelets were resuspended in HEPES buffer (132 mM NaCl, 6 mM KCI, 1
mM MgSO0Oa, 1.2 mM KH2PO4, 20 MM HEPES, pH 7.4) previously set to RT on the concentration
required for flow cytometry-based platelet aggregation (FCA) as described.[23]

Platelet Surface Marker Expression Analysis by Flow Cytometry

The following antibodies were used for flow cytometry analysis: CD9-FITC, CD61-FITC, CLEC2-
APC, GPVI-PE, CD42B-PerCP, CD49B-FITC or CD49B-PE. All antibodies and reagents were
from BD, and were used in a 1:200 dilution, except CD49B (1:100) and CLEC2 (1:10).

Antibody cocktails were prepared in 1% human serum albumin (HSA) in PBS. 100 ul of antibody
cocktail was used per staining (using a million platelets per panel/incubation). Incubations were
done at RT for 10 min, after which 100 pl of 1% formaldehyde (FA) was added to fix the stained
platelets prior measurement on a FACSCanto-II flow cytometer. Data was analysed with FlowJo

Version 10.8.1 software (Tree Star, Inc).
Human flow cytometry based platelet aggregation assay (FCA)

The flow cytometry based platelet aggregation assay (FCA) was performed as previously
described.[21] In brief, platelets previously incubated with CD31-APC or CD31-APCCy7 (BD)
were mixed in a 1:1 proportion in the presence of 20% plasma. When studying the aggregation
capacity of sepsis platelets, reactions were performed in the presence of AB+ plasma. When
studying the effect of plasma from sepsis patients on platelet function, ABO-matched platelets
from healthy donors were mixed with 20% of matching sepsis patient plasma. Agonists used were

100 ng/mL phorbol myristate acetate (PMA; Sigma-Aldrich); 300 nM aggretin A, 30ug/mL collagen



type-1 (Horm; Nycomed Arzneimittel GmbH), 0.5 ng/ml convulxin (Enzo) and 0.5 mg/ml Ristocetin
(Sigma-Aldrich). Analysis was performed on a FACSCanto-ll (BD Biosciences), and data
analysed using FlowJo version 10.8.1.

Statistical Analysis

All data was analysed using Excel, and 2-tailed Student’s t-tests were applied in order to identify

significant differences. Data was considered significant when p < 0.05, as indicated.



RESULTS
Platelet specific receptor shut down responses in murine preclinical models of sterile inflammation

We examined platelet aggregation capacity in murine preclinical mouse models of sterile
inflammation. On one hand, we induced an acute sterile inflammation response on wildtype mice
by injecting intravenously LPS, as described. Following LPS injection, the platelet count drops
and, by day 5, the platelet counts are restored (Figure 1A). This suggests that by day 5, these
mice have in circulation platelets that have been produced under systemic inflammatory signals,
which we hypothesize would have qualitative differences compared to platelets that are produced
in the steady-state.

We performed flow cytometry based aggregation (FCA) assays on platelets from day 5 LPS- and
mock-treated mice, with a battery of agonists, as described. FCA allows the study of platelet
aggregation capacity, in a receptor-wise manner, as it measures the first steps of (micro)
aggregation. In short, PMA triggers allbf3-mediated aggregation; aggretin A triggers CLEC2-
mediated aggregation (also dependent on a functional allbp3 integrin); collagen triggers
a2p1/GPVI-mediated aggregation and botrocetin triggers VWF receptor-mediated agglutination.
As shown in Figure 1B, the platelet aggregation responses upon stimulation with aggretin A and
collagen, were severely impaired in LPS-treated mice as compared to mock-treated or wildtype
mice, while responses to botrocetin or PMA were intact.

Next, we set out to study whether this distinct aggregation capacity profile was present in platelets
from CD70Tg mice, which represent a preclinical model of chronic sterile inflammation.[22]
CD70Tg mice express constitutively CD70 antigen on B cells, resulting on T-cell activation and
increased interferon gamma (Ifn-y). These mice have been extensively analysed and display
persistent severe thrombocytopenia (Figure 1A).[21] Our FCA assays show that platelets from
CD70Tg mice display a more acute platelet aggregation response disbalance, where PMA-
induced aggregation is affected in addition to aggretin A and collagen-mediated responses.
Overall, these results suggest that, in preclinical models of sterile inflammation, the platelet Clec2
and collagen receptors are specifically “shut-down”, while the VWF receptor function remains
largely intact when aggregation is induced with specific agonists. Only in chronic sterile
inflammation, the function of the fibrinogen receptor (allbf3 integrin) is also compromised. We
could not identify significant changes in the expression of any of the receptors of study (data not
shown). This suggests that platelets are differently tuned on situations of acute or chronic

inflammation, and we name them tentatively as “inflammation-conditioned” platelets.



Sepsis Patients: complete blood counts and stratification based on platelet counts

We next set out to explore platelets in a cohort of sepsis patients. In Figure 2, selected variables
from complete blood counts are shown. As previously reviewed,[24] the platelet counts in sepsis
patients are variable, and in our cohort, approximately 10% of patients displayed
thrombocytopenia (counts < 100 x 10%L), and 20% of patients displayed elevated platelet counts
(> 250 x 10%L). We have to consider that our cohort of sepsis patients encompasses aged
patients, and values from age-matched controls are shown on each graph. Interestingly, the white
blood cell counts (specially the neutrophils), followed the same dynamics as the platelet counts.

Surface marker expression in sepsis patients

When looking at the expression of relevant surface molecules expressed on platelets in the total
sepsis patient cohort, we could not identify significant alterations, although there was a tendency
for reduced expression of CD9, GPVI and CD42B (subunit of the VWF receptor) (Figure 3).
Interestingly, when plotting the mean expression stratifying the sepsis patient cohort based on
platelet counts, we observed different patterns. Surface proteins that reduced their expression
level in a negative correlation manner with platelet counts, i.e. CD9, CD61 and CD49B; surface
proteins that reduced their expression in a positive correlation manner with platelet counts, i.e.
GPVI, CD42B, and CLEC2, although this receptor displays reduced expression also when the

platelet counts are elevated.
Platelet aggregation capacity in sepsis patients: in the presence of healthy donor plasma

We next set out to study the function of platelets in sepsis patients by using FCA, as described.
We preferred to study the responses of isolated platelets first, in the absence of own plasma, as
previous studies had been performed on platelets within whole blood or platelet rich plasma
fraction.[25, 26] All reactions were set in the presence of AB* plasma from healthy donors, as a
natural source of fibrinogen. In human, we included convulxin as a specific GPVI ligand, and
ristocetin, that triggers VWF receptor activation. Results show no significant alteration of platelet
responses (per agonist) in the global sepsis cohort (Figure 4). A tendency to increased
aggregation responses upon collagen stimulation was observed. When plotting the mean FCA
values stratifying the sepsis patient cohort based on platelet counts, we observed different
patterns. Responses upon PMA stimulation were largely intact, while a reduced response in at

least one of the stratification groups was observed with aggretin A, convulxin and ristocetin. We



observed a hyperactivation status in sepsis platelets (spontaneous aggregation in unstimulated
platelets), which was significantly elevated in thrombocytopenic patients.

Effect of plasma from sepsis patients on the aggregation capacity of platelets from healthy donors

We next performed FCA with plasma from sepsis patients and platelets from ABO-group matched
healthy donors. As shown in Figure 5, there was a tendency to reduced responses upon
stimulation with PMA and ristocetin. Furthermore, the ristocetin triggered responses appeared to
follow a negative correlation pattern with platelet counts. Interestingly, the same dynamics were
observed to be induced by sepsis plasma on the spontaneous aggregation of healthy donor

platelets without stimulus.
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DISCUSSION

Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response
to infection.[27] The host response to infections conjugates two important arms: the immune and
the haemostatic systems. Platelets, as members of the haemostatic system, are active
immunomodulators, and their role in sepsis has been largely acknowledged.[25, 28-30] However,
as a double edge sword, they may exert beneficial or deleterious actions in the pathophysiology
of sepsis.[31-33] As an extra level, alterations in platelet counts are often observed in sepsis
patients, and when thrombocytopenia is observed, prophylactic platelet transfusions may be
indicated to prevent bleeding. However, the risk of transfusion related adverse events is higher in
sepsis patients.[17]

In this manuscript we provide proof that platelets display a tuned functional capacity under
inflammatory conditions, in mouse and human. Results showed a more constant reproducible
pattern on platelets from mouse models of sterile inflammation (acute or chronic), suggesting a
specific “shut-down” of the so-called non-haemostatic orimmune receptors CLEC2 and GPVI.[34]
These results led us to hypothesize that “inflammation-conditioned” platelets are produced with a
specific receptor function profile to avoid an exacerbated inflammation response that could
represent danger to the body’s well-being. How megakaryocytes sense inflammation to produce
“inflammation-conditioned” platelets is unknown, but there are a number of studies which support
the notion.[35-38] In line with this assumption, we think that the high risk of TRALI in sepsis
patients is due to the fact that transfused platelets are derived from healthy donors, and therefore
fully functional, representing a danger to the septic patient. Interestingly, podoplanin, the Clec2
natural ligand, has been reported as a marker for lung injury,[39] and “inflammation-conditioned”

platelets have “shut-down” this receptor.

From our studies in a cohort of sepsis patients, a disbalance of the platelet aggregation capacity
was evidenced, although the variability of patterns was higher than the ones found previously on
the murine preclinical models of sterile inflammation. Platelet dysfunction in sepsis patients was
previously documented by others.[25, 26, 28, 30] One consideration is the limited size of our
cohort, and on the other hand, inbred mice are far more homogeneous than randomly recruited
patients, which are also prescribed with different medication plans or are managed with different
treatment regimes. Interestingly, we provide results that support the notion that, in addition to the
different platelet production under inflammation, platelets within a sepsis/infectious milieu are also

“primed” in the circulation. When performing aggregation assays of ABO-group matched platelets
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from healthy donors with the plasma from the matched sepsis patient, platelet hyperactivation
was induced (there was spontaneous aggregation without stimulus), and a tendency to reduced
responses towards the agonists used was observed.

Understanding the molecular mechanisms governing megakaryocyte differentiation during
inflammation and dissecting better the functional differences of the “inflammation-conditioned”
platelets, and how the inflammation milieu affects them in human opens a new path for
improvement of platelet transfusion management, but also of platelet function modulation. This is
relevant specifically for septic patients at risk of fatal TRALI, but also for other target populations
of platelet transfusions that are at risk of thrombosis (i.e. chemotherapy patients), or even to ease
the prothrombotic nature of viral infections, as has been put forward with the current COVID-19
pandemic.[40, 41]

Platelet transfusion, in septic patients is still a matter of debate. However, some relevant Clinical
Trials have been withdrawn as COVID-19 trials gained priority. Such is the case of INFUSE and
PlaTiSep, aimed at defining whether the platelet transfusions are advantageous or to find whether
the platelet count transfusion threshold (high or low) associates with lower mortality rate or shorter
hospitalizations in the sepsis thrombocytopenic patient. However, our findings and those from
other groups might add another variable into the management of platelet transfusion in the septic
patient — “Does a septic patient require or admit a transfusion of fully functional platelets?
Interestingly, other Clinical Trials are currently progressing in elucidating whether platelet
transfusions could be replaced by TPO-RA treatment (RESCUE Trial). Clinical and translational
research will advance on the knowledge and will certainly improve the management of sepsis
patients and other ICU hospitalized patients requiring platelet transfusions. Our studies would
logically continue to cover other situations where platelet transfusion success is a concern, or
where platelets could be used therapeutically (i.e. immunotherapy against cancer or autoimmune
[42] diseases).
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Figure Legends:

Figure 1: Thrombocytopenia and platelet dysfunction in mouse models of sterile

inflammation

A) Platelet (PLT) counts in the mouse model of acute sterile inflammation 24 hr and 5 days after
LPS or PBS injection (left), and CD70Tg mice (right), as model of chronic sterile inflammation
(wildtype -WT- sibling mice were used as controls). The thrombocytopenia induced upon LPS
injection disappears by day 5 in the acute sterile inflammation mouse model, while CD70Tg mice
display severe and persistent thrombocytopenia. B) Flow cytometry based platelet aggregation
assays (FCA) were done with platelets from mouse models of sterile inflammation. The platelet
aggregation responses upon stimulation with PMA, aggretin A (AggA), collagen and botrocetin
were measured. The area under the curve of each time-series was calculated, setting respective
WT responses to 100. A specific inability to respond to AggA and collagen stimulation was
observed in platelets from acute sterile inflammation mice (day 5, LPS), while CD70Tg platelets
also display a defect upon PMA stimulation. Botrocetin responses were not affected in platelets
from either mouse model. Mean and standard error of the mean (SEM) are represented. Statistical
significance is indicated. * p < 0.05, ** p < 0.01, *** p < 0.005. N = 3 in each group, except when

individual values are depicted (CD70g Botrocetin FCA).
Figure 2: Complete blood count variables in the cohort of sepsis patients

The platelet (PLT), white blood cells (WBC), neutrophil and lymphocyte counts are represented.
Mean and standard error of the mean (SEM) are represented, in the following groups: day
controls, age-matched controls and sepsis patients. Sepsis patients were further stratified based
on PLT counts: low < 100 x 10%L; normal 100-250 x 10°%L; high > 250 x 10%L. The WBC counts
(specially the neutrophil counts) follow the same trend as the PLT counts. Statistical significance
is indicated. * p < 0.05, * p < 0.01, *** p < 0.005. Bar Graph represents the distribution
(percentage) of sepsis patients based on PLT counts. N-sepsis = 35; N-day controls = 8; N-aged-

matched controls = 9.
Figure 3: Platelet immunophenotyping in the cohort of sepsis patients

The expression of typical platelet receptors was analysed by flow cytometry. The Mean
Fluorescence Intensity (MFI) is represented, after setting the mean MFI of each surface marker

to 100 in the group of Day controls. Alterations in surface marker expression were observed,
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some of them associating with the peripheral PLT count. The graph on the bottom represents the
mean MFIs of some of the studied surface markers comparing Day and Aged-matched controls.
Mean and standard error of the mean (SEM) are represented. Statistical significance is indicated.
*p <0.05, ** p<0.01, *** p < 0.005. N-sepsis = 20; N-day controls = 4; N-aged-matched controls
=8.

Figure 4: Flow cytometry based platelet aggregation assays (FCA) of platelets from sepsis

patients in the presence of healthy donor plasma

Flow cytometry based platelet aggregation assays (FCA) were done with platelets from sepsis
patients in the presence of AB* plasma from healthy donors. The platelet aggregation responses
upon stimulation with PMA, aggretin A (AggA), collagen, convulxin and ristocetin were measured.
The area under the curve of each time-series was calculated. Generally, no significant differences
were observed in the platelet aggregation capacities, except for a disbalance response tendency
upon collagen (hyper) and ristocetin (hypo). Stratification of sepsis patients based on PLT counts,
added more complexity to the functional platelet disbalance in sepsis. PMA responses were not
affected in platelets from sepsis patients, in either PLT-count based group. The percentage of
aggregation in the absence of stimuli is also shown. Mean and standard error of the mean (SEM)
are represented. Statistical significance is indicated. * p < 0.05, ** p < 0.01, *** p < 0.005. N-sepsis

= 20; N-day controls = 4; N-aged-matched controls = 8.

Figure 5: Flow cytometry based platelet aggregation assays (FCA) of healthy donor

platelets in the presence of plasma from sepsis patients

Flow cytometry based platelet aggregation assays (FCA) were done with platelets from platelets
from ABO-matched healthy donors in the presence of plasma from sepsis patients. The platelet
aggregation responses upon stimulation with PMA and ristocetin were measured. The area under
the curve of each time-series was calculated. Generally, a tendency to inhibited responses was
observed, which did not reach significance. The percentage of aggregation in the absence of
stimuli is also shown, which mimics what was observed on platelets from sepsis patients. Mean
and standard error of the mean (SEM) are represented. Statistical significance is indicated. * p <
0.05, * p < 0.01, *** p < 0.005. N-sepsis = 32; N-AB* controls = 8.
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