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ARTICLE INFO ABSTRACT

Keywords: Platelets and their parent cell, the megakaryocyte (MK), are increasingly recognized for their roles during
Transcriptome infection and inflammation. The MK residing in the bone marrow or arising from precursors trafficked to other
S?pSiS organs for development go on to form platelets through thrombopoiesis. Infection, by direct and indirect
\C/g:]/iD-w mechanisms, can alter the transcriptional profile of MKs. The altered environment, whether mediated by in-
Megakaryocyte flammatory cytokines or other signaling mechanisms results in an altered platelet transcriptome. Platelets
Platelet released into the circulation, in turn, interact with each other, circulating leukocytes and endothelial cells and

contribute to the clearance of pathogens or the potentiation of pathophysiology through such mechanisms as
immunothrombosis.

In this article we hope to identify key contributions that explore the impact of an altered transcriptomic
landscape during severe, systemic response to infection broadly defined as sepsis, and viral infections, including
SARS-CoV2. We include current publications that outline the role of MKs from bone-marrow and extra-medullary
sites as well as the circulating platelet. The underlying diseases result in thrombotic complications that exac-
erbate organ dysfunction and mortality. Understanding the impact of platelets on the pathophysiology of disease

may drive therapeutic advances to improve the morbidity and mortality of these deadly afflictions.

1. Introduction

Platelets are abundant, anucleate cells that are released from the
large, multi-nucleated parent megakaryocyte (MK). This phenomenon
was described by Wright as occurring in the bone marrow however more
recent reports have shown this can occur at extra-medullary sites
including the lung [1-3]. Platelets were long considered cell fragments
due to their lack of nucleus and genomic DNA. As such, it was believed
these cells were only capable performing functions related to an
inscribed and fixed proteome. Importantly, platelets contain MK-derived
mRNA and the translational machinery to perform activation-dependent
protein synthesis [4]. Therefore, platelets are transcriptionally though
not translationally inert.

Because of the anucleate nature of platelets, the translational ma-
chinery and mRNA transcripts must be invested from the parent MK or
taken up by circulating platelets as occurs with “tumor educated plate-
lets” whereby platelets take up spliced RNA via microvescicles [5,6].

The initial efforts to interrogate MK-derived transcripts in platelets

were made using cDNA libraries that led to the identification of heri-
table, monogenic platelet disorders. The first description of the platelet
transcriptome was performed by Gnatenko et al. in 2003 using micro-
array techniques and identified approximately 2000 genes. Interest-
ingly, these initial studies found >30 % of the identified transcriptome
had unassigned functions. Additional investigations utilizing serial gene
analysis of gene expression (SAGE) then sequenced 25,000 tags and
found greater than half (51 %) of them were non-mitochondrial tags and
corresponded to 2300 transcripts. Thus, had similar complexity to
nucleated cells though contained unique enrichment of transcripts spe-
cific to platelets as compared to other tissues [7]. The most striking
observation was that there was strong correlation between transcript
abundance and protein expression [8]. Additional studies have since
found the correlations between platelet transcriptome and proteome to
be more controversial [9]. The application of RNA-sequencing platforms
vastly increased the ability to detect platelet transcripts with an esti-
mated ~9500 protein coding mRNAs identified and allows the detection
of low abundance mRNAs and novel transcripts. Furthermore, miRNAs,
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IncRNAs and other non-coding RNAs have been identified, thus shed-
ding light on the complexity of the transcriptional landscape of platelets
[10]. More recent work has utilized single cell RNA sequencing to
identify and sequence MK precursors and MKs from non-bone marrow
tissues such as the lung and spleen [2,3,11].

Megakaryocytes invest RNAs into platelets prior to platelets entering
circulation (Fig. 1).

The importance of the platelet transcriptome can be attributed, in
part, to RNA content in platelets as well as the total blood mass of
platelets. Platelets contain a total of 2.20 femtograms of RNA per
platelet, 1000 times less than circulating leukocytes. However, platelets
are the second most abundant blood cell in circulation. Therefore, the
RNA contribution from platelets is orders of magnitude greater than
leukocytes [12]. Investigation of the platelet transcriptome in disease
has been a natural progression in understating the contribution of these
cells to hematologic maladies, cardiovascular disease, and more recently
inflammation and infectious diseases [13].

Platelets express surface receptors involved in immune responses
such as Toll-like receptors (TLRs), CLEC2, GPVI, FcyRIIA that aid in
recognition of circulating pathogen-associated molecular patterns
(PAMP) and damage-associated molecular patterns (DAMP), cell-cell
interactions, and binding of complement and circulating antibodies,
respectively [14,15]. Additionally, platelets secrete proteins that
mediate inflammation and interact with leukocytes prompting tran-
scriptional changes in other cells [16-18]. This review will focus on the
alterations in the MK and platelet transcriptome in viral infections and
infectious syndromes.

2. Transcriptional changes in infection
Systemic inflammation and infection by specific pathogens (bacte-

rial, viral, and parasitic) have been reported to impact the tran-
scriptomic profile of MKs and platelets resulting in alterations in
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Fig. 1. Inflammation and infection induces alterations at the transcriptome
level in megakaryocytes. Bone marrow resident or other tissue resident MK
invest an altered transcript profile into platelets during thrombopoiesis. Plate-
lets are released into the circulation with an altered RNA profile and may un-
dergo activation-dependent translation. Platelets have altered function in the
setting of infection and inflammation that influences disease outcomes through
such mechanisms as macro-, microthrombosis or formation of heterotyp-
ic aggregates.
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canonical platelet function and the phenotype of circulating platelets
[19-22]. We will discuss the global transcriptional alterations and
platelet functional responses in sepsis, influenza, dengue virus and
SARS-CoV2 in the following sections.

3. Sepsis

Sepsis and septicemia, colloquially known as “blood poisoning”, is
the clinical syndrome identified as a systemic inflammatory response to
infection. The clinical presentation of sepsis is heterogenous and is
caused by many pathogens [23]. Individuals may present with severe
physiologic derangements such as hyper- or hypothermia, tachycardia
and hypotension with minimal prodrome while others may present with
smoldering, protracted symptoms and develop end-organ dysfunction
over days rather than hours [23,24]. The variation in presentation is
multi-factorial and due to underlying co-morbidities, pathogen burden,
environmental influences and variations in gene expression [24,25]. The
need for clear diagnostic criteria must be used to study well-defined
populations for mechanistic and therapeutic research.

The link between sepsis and thrombocytopenia has been well-
recognized [26]. An abrupt decline in platelet count can occur in the
absence of bacteremia suggesting both a direct and indirect impact on
platelets. Disseminated intravascular coagulopathy (DIC) and more
recently sepsis-induced coagulopathy (SIC) is the commonly identified
cause of severe thrombocytopenia that occurs during sepsis [27].
However, platelets are consumed through additional processes
including thrombin-induced apoptosis, autophagy, splenic sequestra-
tion, losses from vascular leak and others [28-30].

4. Megakaryocytes and sepsis

Cytokines induced during inflammation and direct infection may
directly impact megakaryopoiesis, and in-turn, platelet production
[31,32]. Thrombocytopenia that occurs during sepsis may result in
increased megakaryopoiesis. Interestingly, elevated levels of thrombo-
poietin (TPO) are seen during sepsis and promote megakaryopoiesis
[3,30]. Additionally, other pro-inflammatory cytokines released in
sepsis, including TNF-a, IL-1p, IL-6, also may contribute to increased MK
development [33-35]. However some cytokines such as, type 1 in-
terferons, which are induced in viral and bacterial infection, and have
direct anti-viral responses, may have suppressive effects on hema-
topoetic stem cells, including megakaryocytes and MK precursors. Spe-
cifically, Wang et al., demonstrated that IFN-A directly suppressed TPO-
induced megakaryopoiesis by suppressing phosphorylation of c-Mpl and
STAT 5 [36].

Recent studies highlight how sepsis alters the MK transcriptome and
dynamically transfer these altered transcripts to platelets [37].
Increased platelet activation and functional responses marked by in-
creases in surface expression of P-selectin, increased circulating platelet-
leukocyte aggregates and integrin activation are commonly observed in
septic patients [19,37,38]. Platelets isolated from septic patients and
mice subjected to cecal ligation and puncture (CLP) model of sepsis
express >500 differentially expressed transcripts compared to platelets
from healthy donors and untreated mice. Of these, ITGA2B, which codes
for the platelet-specific allb integrin, was one of the most upregulated
genes [19]. Interestingly, ITGA2B expression was upregulated in autol-
ogous, bone marrow (BM) MKs from mice 24-48 h after CLP whereas
platelets had increased ITGA2B expression 72 h following CLP. This
suggests the increase in platelet ITGA2B was invested from the parent
MK and was caused by the systemic response to infection. In a similar
CLP model, increases in granzyme B, a serine protease involved in
apoptosis, was observed in BM MKs and closely following by increased
platelet mRNA and protein expression. Similar increases in platelet
granzyme B were observed in a cohort of pediatric patients with sepsis
[39].

Regulation of transcription at the level of the MK during sepsis is
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complex. Investigations have begun to focus on micro-RNAs (miRNA)
and their role in regulation of gene expression. Recent work implicated a
down-regulation in Dicer, one of the key miRNA processing enzymes,
and mir-26b resulting in increased P-selectin expression in MEG-01s, an
immortalized megakaryoblastic cell line. These cells were treated with
LPS and resulted in significant gene alterations involved in inflamma-
tory pathways, lipid homeostasis, responses to calcium, and angiogen-
esis [38]. Alterations in platelet miRNA from septic individuals in a
similar pattern were observed. It has commonly been viewed that MKs
reside in the bone marrow where they are the source of platelets released
into the circulation. Provoking studies performed by several in-
vestigators have shown that MKs found in extra-medullary sites are
responsible not only for a significant degree of thrombopoiesis but also
express genes that direct the extra-medullary MKs to immune function
[3,11]. Lung-derived MKs are enriched in pathways involved in innate
immunity. Recently, Valet et al. reported that the acute inflammation
occurring in sepsis causes megakaryocyte-erythrocyte progenitors
(MEPs) to migrate to the spleen and differentiate into MKs [3]. RNAseq

A Megakaryocyte Responses to Sepsis

Bacteria, viruses, or
cytokines activate a
megakaryocyte response

T TPO
T TNF-a, IL-1B, IL-6
TIFN-A

Cytokines

T ITGA2B

Responses

1 Granzyme B
1 Dicer, mir-26b

Transcription

B Altered Platelet Activation in Sepsis

\\ p \\ GPUITS

. & 7,
U

allbB3

allbB3 $ .
a-granules o ¥
L § ?
Neutrophil o, (i 8§ CD40L
PIRV'Y . P
Q psoLt ¥ e
>

Fibrinogen receptor

1 activation®%5"

1 activation in MODs®%%"
| activation®253

Megakaryocytes transfer
altered RNA profile into
budding platelets

FeyRlla

Thrombosis Research xxx (xxxx) xxx

of spleen MKs and BM MKs suggest that spleen MKs have an immune-like
transcriptional signature with higher expression of CD40L compared to
BM MKs. This increase in CD40L expression was also observed in
platelets arising from MKs in the spleen. Intriguingly, these differences
in transcriptional signature were seen in both septic and homeostatic
conditions, which caused researchers to suggest that differences in MK
transcriptional signature is dependent on the tissue from where they
were derived and not on sepsis itself [3]. Taken together, these obser-
vations suggest that sepsis indeed affects the transcript levels of MKs and
newly released platelets, either by directly affecting BM MKs, induce the
migration of MKs to other organs, or inducing a resident population of
precursor cells to develop into MKs. The observations made by Valet
et al. may also be attributed to differences in the murine model of sepsis
employed and further work is required to dissect and understand the
expression profile of MKs and platelets that arise from extramedullary
sites.

Similar to findings in bacterial sepsis MK and platelet transcriptomic
variations are observed during viral infections. Key anti-viral genes such
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Fig. 2. Sepsis is a heterogenous clinical syndrome caused by multiple pathogens including bacteria and viruses that induce a host response. (A) This host response
causes alterations in the MK and platelet transcriptome. The platelet transcriptome results in altered platelet activation, including alterations in sub-populations of
septic patients (B). Platelet aggregation in response to agonists (C) in sepsis suggests altered function of specific receptors in sepsis.
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as interferon-induced transmembrane protein 3 (IFITM3), are upregu-
lated in CD34+-derived MKs co-cultured with dengue virus. Moreover
platelets from patients infected with the influenza or dengue virus also
express increased IFITM3 mRNA [20]. IFITM-3 aids in the restriction of
viral infections by regulating the fusion of viruses to endocytic vessels
and directing them to lysosomes [40,41]. Campbell et al. utilized a
lentivirus overexpression model in the MEG-01 cell line to restrict
dengue virus infection. Furthermore, mutations in IFITM3 (rs12252-C)
led to human MKs being more susceptible to the virus [20]. Thus, the
upregulation of IFTIM3 in MKs with exposure to dengue virus suggests a
role in immune function. The role of IFITM3 in platelets requires further
elucidation.

4.1. Alterations in platelet function during sepsis

A platelet’s most recognized role is a mediator of thrombosis, how-
ever platelets also play an important role as immune effectors providing
protective immune functions or accelerating inflammatory outcomes
[42,43]. Sepsis can impact both canonical platelet functions and im-
mune functions of platelets. These alterations are driven by a number of
factors including splicing precursor RNA and containing an altered
transcriptome invested into budding platelets released into circulation
[19,44]. Additionally, sepsis can drive direct platelet-pathogen in-
teractions and the impact of platelets on other inflammatory cells (e.g.
neutrophils, monocytes, or dendritic cells) [45] (Fig. 2).

4.2. The controversial role of platelet activation in sepsis

Platelets contain a number of surface receptors capable of binding to
circulating proteins or other cells. Platelet activation occurs as the initial
step in coagulation that allows amplification of internal signals resulting
in increased cell-cell interaction and promotes the formation of a
platelet plug. Classic platelet activation is induced by exposed collagen
or soluble agonists that bind to G-protein coupled receptors (GPCR)
leading to activation of adhesion receptors (allbf3) which then results in
ADP-mediated adhesion and aggregation. Investigations exploring the
role and downstream signaling have broadly expanded the field to
include a number of surface receptors beyond classic GPCRs. For
example, immune receptors (FcR and FcyRIIA) contain ITAM regions
that allow signal transduction between platelets and leukocytes as well
as platelet adhesion [46]. Many of these surface receptors are present
under resting conditions on platelets from healthy subjects. Flow
cytometry assays designed to detect antibodies (PAC-1 and JonA, human
and mouse, respectively) that bind to the activated conformation of the
platelet fibrinogen receptor, olIbf3, is a well-established assessment of
early platelet activation. Additional surface markers include those
involved in degranulation such as CD62P (P-selectin, o granules) and
CD63 (GP53, dense granules and lysosomes) [47]. Other assays to
evaluate platelet activation include exposure to shear stress via GPVI
dependent mechanisms [48]. In disease states such as dengue virus and
sepsis circulating platelets have increased surface expression of allbp3
and increased PAC-1 binding suggesting these platelets are in circulation
with evidence of early activation [19,49]. Early work by Gawaz et al.
identified increased fibrinogen receptor activity assessed by flow
cytometry in two separate cohorts of septic patients compared to other
critically ill patients without sepsis. The presence of multiple organ
failure syndrome (MODs) abrogated the effect of increased activation
[50,51]. Since that time additional reports have had conflicting findings.
Yaguchi et al. found under basal conditions that platelets from septic
patients had decreased activation as assessed by PAC-1 and fluorescent
fibrinogen binding with no difference following agonist stimulation
when compared to platelets from healthy volunteers [52]. More recent
studies have extended those findings with no increased in GPIIb-IIla
receptor expression nor basal activation of the fibrinogen receptor in
septic patients compared to healthy donors [53]. Differences in path-
ogen, source of infection, and time of hospitalization to enrollment may

Thrombosis Research xxx (xxxx) xxx
account for some of the conflicting reports.
4.3. Platelet aggregation in sepsis

Platelet-platelet binding is termed aggregation and occurs when
integrin olIbp3 transitions into its active conformation (activation) to
become a high affinity receptor for fibrinogen. The subsequent cross-
linking of fibrinogen to two integrin receptors results platelet-platelet
aggregates and a “platelet clump” begins to form. The process of
integrin surface expression, binding fibrinogen, and progression of an
allbf3-mediated operation is metabolically demanding and could be
impacted by derangements that limit a platelet’s metabolic processes
[54].

Platelets have a number of surface receptors that have immune
functions and can potentiate or result in platelet activation and aggre-
gation. Danger-associated molecular pattern (DAMP) and pathogen-
associated molecular pattern (PAMP) molecules are detected by a
number of platelet receptors including FeyRIIA, CLEC and Toll-like re-
ceptors (TLR). Platelets have been shown to contain protein and mRNA
for TLRs 1, 2, 3, 4, 6, 7, 8, and 9 [55-57]. TLR4 and TLR2 are expressed
on the platelet surface while TLR9 receptors translocate from T-granules
to the plasma membrane upon activation with Type C CpG dinucleotides
[58]. They recognize specific molecules from pathogens and have each
been shown to potentiate or independently activate platelets [14].

Alterations in platelet aggregation are dependent on select agonists,
for example, Nuhrenberg et al. found an increase in aggregation in
response to arachidonic acid (AA) in platelets from septic patients
requiring vasopressor support compared to patients with stable coronary
disease. No difference in aggregation was seen in response to thrombin
receptor associated protein 6 (TRAP) nor adenosine diphosphate (ADP)
[22]. These findings are attributed to an increase in immature platelet
fraction. Transcriptomic analysis of these platelets revealed an upregu-
lation of genes involved in protein synthesis pathways and did not
overlap with transcripts found in immature platelet fractions found in
healthy donors. Campbell et al. showed increased platelet aggregation to
collagen and 2mesADP in platelets from septic patients compared to
healthy donors [59]with the hypothesis that increased IFITM3 causes
increased fibrinogen endocytosis and platelet hyperreactivity.
Conversely, Weiss et al. have shown decreased platelet aggregation in
response to CRP-Xj, rhodocytin, and TRAP with findings to suggest GPVI
dysfunction and increased GPVI shedding [53]. These findings repro-
duce prior work that has shown decreased platelet aggregation in severe
sepsis/septic shock regardless of platelet count to agonists ADP, AA,
TRAP, collagen, and thromboxane A, [52]. The heterogeneity of the
septic patients in regard to source of infection and methods of assessing
aggregation, e.g. washed platelets vs platelet-rich plasma, may account
for some of the differences reported in the literature.

5. COVID-19

The SARS-CoV2 virus that erupted in 2019 swept across the world
and resulted in >6 million deaths at the time of this publication. The
primary cause of hospitalization and death was due to severe hypoxemic
respiratory failure or a complication there-of.

5.1. Role of thromboembolic disease in COVID-19

We quickly learned that patients who suffered from COVID-19 had
macrothrombi and microthrombi that were associated with end-organ
failure [19,60,61]. Platelets were enriched in these small thrombi as
well as neutrophils undergoing neutrophil extracellular trap (NET) for-
mation. Multiple investigators have now shown platelets and leuko-
cytes, micro-immunothrombi, were found in the capillaries and small
vessels within multiple tissues on autopsy of patients who were pre-
sumed to have died from COVID-19 [62,63]. The role of immuno-
thrombi and the biologic processes that drive immunothrombosis are
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resultant from a complex interplay of dysregulated coagulation, platelet
and neutrophil activation [63].There are conflicting reports on the
presence and contribution of pro-coagulant platelets to the thrombotic
pathology in COVID-19 [64,65]. While there has been marked vari-
ability in detection and reporting of both venous and arterial throm-
boembolic events in COVID-19 the incidence has ranged from <10 % to
63 % of patients requiring support with extracorporeal membrane
oxygenation (ECMO) with the greater incidence occurring in those with
more severe disease [66]. Because the frequency of thromboembolic
events despite standard prophylactic measures many clinical trials
investigated anticoagulation and antiplatelet therapies such as the
Accelerating COVID-19 Therapeutic Interventions and Vaccines-4
(ACTIV-4), however many have closed due to limited enrollment or
futility at interim analysis (https://www.nih.gov/research-traini
ng/medical-research-initiatives/activ/covid-19-therapeutics-prioritized
-testing-clinical-trials). At the time of review there have been two large
clinical trials testing antiplatelet therapies, RECOVERY and REMAP-
CAP. RECOVERY with 7351 patients in the aspirin compared to usual
care 7541 patients did not show improved survival at 28 days. However,
there was a modest decreased in hospital length of stay and thrombotic
events [67]. Similarly, REMAP-CAP compared aspirin vs P2Y12 inhibi-
tor vs usual care did not improve organ support-free days however there
was a 5 % reduction in mortality for critically ill patients [68]. Both
studies support the clinical relevance of platelet dysfunction in the pa-
thology of COVID-19.

6. Transcriptomic changes in platelets in COVID-19

Similar to viral infections, such as dengue and influenza, the platelet
transcriptome is altered during SARSCoV-2 infection [20,69]. RNA-seq
performed on platelets isolated from COVID-19 patients and healthy
matched donors, showed a clustering of transcriptome-wide gene
expression from COVID-19 patients compared to healthy donors by a
primary cluster analysis (PCA). This suggests a systemic shift in the
transcriptional landscape expressed within platelets [69,70]. Such
changes in the transcriptome provide a more complete picture of the
drivers that cause platelet hyperactivity which contributes to the
thromboembolic phenomenon seen in COVID-19. Though many bio-
logical processes at the transcriptome level are disparate in COVID-19
platelets, four main pathways have been identified as significantly
altered across the literature: immune regulation, secretion, stress
response and programmed cell death pathways. Direct viral invasion of
MKs and platelets via the ACE2 receptor have been mixed though several
groups have noted the ACE2 receptor is not present on MKs nor platelets.
The ability of the virus to infect via an alternate receptor has been
described in subsequent studies [71,72].

7. Platelet function in COVID-19
7.1. Immune regulation and interferon response

Indeed, enrichment analysis of the platelet transcriptome and three
integrated single cell RNA-seq data sets demonstrated that IFITM3 and
other genes in the antigen presenting pathways such as IFIT1, IFIT3,
IFI27, IFI6, and IFITM2 were enriched in COVID-19 samples [69,73].
Though recent studies suggests platelets can engage in immune-like
activities, further studies are needed to determine if platelets restrict
viral infection such as COVID-19 through proteins like IFITM3. Single-
cell sequencing of small circulating MKs from COVID-19 patients show
an increase in interferon (IFN)-stimulated genes including IFITM3 [74].
Though the role of IFITM3 in platelets needs to be further elucidated, an
antiviral role of IFITM3 in MKs has been described in other viral in-
fections [20]. Additional findings of MKs in COVID-19 infection will be
discussed in greater detail below.

Interestingly, Garma and colleagues found an increase of expression
in genes associated with an antiviral response and in genes associated to
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the prothrombotic response and platelet activation. Interestingly, one of
the genes upregulated was the CD40LG that codes for CD40L [73].
CDA40L can be found in platelet a granules and contribute to platelet
activation by enhancing ROS production [75,76]. Platelets treated with
TRAP and CD40L have enhanced mito-ROS production which may
contribute to the increases of basal ROS observed in COVID 19 platelets,
however this possibility has not been explored [75]. Furthermore,
CDA40L expression on activated platelets plays a key role in dendritic cell
maturation, B-cell isotype switching and CD8+ T-cell responses [77]
(Fig. 3).

7.2. Platelet secretion and endothelial cell interaction

In COVID-19 patients, systemic inflammation, hypercoagulability
and endothelial dysfunction have become hallmarks of severe disease
[78-80]. Platelets’ ability to interact with endothelial cells (EC) and
contribute to EC’s proinflammatory state makes them a likely candidate
to contribute to the endothelial dysfunction observed in severe COVID-
19 patients. Barret et al. explored this by incubating ECs with platelet
releasate from COVID-19 patients. Interestingly, gene set enrichment
analysis (GSEA) of EC transcriptome revealed increases in pathway
associated with dysregulation of cell-to-cell tight junction, proin-
flammatory processes and coagulation, suggesting that platelet and EC
crosstalk could be a key contributing factor to endotheliopathy [79].
Integrated platelet and EC RNA sequence analysis and subsequent gene
ontology pathway analysis demonstrated an upregulation of the platelet
degranulation pathway. Further work has shown abnormalities in alpha-
granule and dense granule release through an increase in immune re-
ceptor activation in those with severe disease [63,81,82]. Focused
RNAseq analysis of platelet genes that are upregulated during COVID-
19, revealed that the s100A8/A9 transcripts that code for MRP8 and
MRP14 respectively were upregulated. MRP8 and MRP14 MRP8/14
heterodimerize and produce calprotectin, an inflammation associated
protein, found in platelet granules and released from activated platelets
[83]. Furthermore, calprotectin derived from COVID-19 platelets acti-
vates ECs and may add to the hypercoagulable phenotype described in
COVID-19 [79,84].

7.3. Cell-cell interaction

Platelets are able to form heterotypic aggregates with circulating
leukocytes during infectious conditions [45,85]. Platelets express other
surface receptors, namely P-selectin (CD62P) which binds to P-selectin
glycoprotein ligand 1 (PSGL1) and activated leukocyte CD11b/CD18
(Mac-1) on the surface of neutrophils via platelet GPIb [86,87]. Notably,
platelets express P-selectin on their surface which allows platelets to
interact with endothelial cells and neutrophils while in circulation.
Furthermore, shedding of P-selectin is dependent on endothelial
expression of PSGL-1 [88]. Activated platelets may also release CCL5
(RANTES) from their a granules [87]. CCL5 is a chemokine that attracts
monocytes and to which platelets may bind via PSGL-1 and P-selectin.
Platelets then influence the transcription and down-stream expression of
tissue factor (TF) mRNA in monocytes. Inhibition of platelet-monocyte
aggregates by selectively inhibiting P-selectin or with a non-P-selectin
selective antibody, abciximab (targeting integrin allbpIlla) abolished
the effect of increased TF expression [17,89]. Similar findings have been
shown with activated platelets and leading to increased TF mRNA in
healthy endothelial cells [90]. Moreover, increased circulating platelet-
leukocytes have been reported by multiple groups in acute COVID-19
infection [69].

7.4. Stress response
Reactive oxygen species (ROS) have recently emerged as pivotal

regulators of platelet function [76,91,92]. Upon platelet activation,
signaling pathways can trigger endogenous ROS production that aids in
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and endothelial cells.

amplifying platelet activation and in some instances alters mitochon-
drial function [75,76]. Though changes in platelet ROS production occur
physiologically upon platelet activation, an oxidative stress like the one
triggered by viral infections can lead to platelet toxicity and hyper-
activation [69,73,79]. While mitochondrial dysfunction may be the
main cause of increase of basal ROS levels, COVID-19 may increase ROS
in patient platelets as shown by Manne et al. 2020, increases in other
transcriptional factors may also contribute to rising basal ROS levels
[69,75,76]. Interestingly, using Ingenuity Pathway Analysis of the
transcriptome of platelets from COVID-19 patients, Manne et al. found
upregulation in genes related to mitochondrial dysfunction pathways
and stress response, suggesting these responses are occurring with MK
and not solely due to platelet activation in circulation [69]. Considering
platelet mitochondrial dysregulation may lead to thrombotic compli-
cations such as ischemic stroke, mitochondrial pathway dysregulation
was further explored [69,93-95]. Two main characteristics of mito-
chondrial dysfunction were measured, reactive oxygen species and
phosphatidylserine (PS) exposure. Interestingly, though there was a rise
in basal ROS in COVID-19 patients compared to the healthy donors, no
increase in PS exposure, a marker of mitochondrial-dependent
apoptosis, was observed [69].

7.5. SARS-CoV2 enhances pathways involved in programmed cell death

In a small, single-center series, Denorme et al. showed no increase in
basal annexin V surface expression in platelets from patients with
COVID-19 compared to healthy donors. These platelets when exposed
agonist failed to increase PS exposure [65]. Though no difference in
surface expression of apoptosis markers (PS exposure) was seen between
platelets from COVID-19 patients compared to the healthy donors, in-
creases in gene expression in programmed cell death pathways was
observed in platelets from patients with acute COVID-19. Koupenova
et al. performed transcriptome analysis of platelets and compared

patients with acute COVID-19 infection to patient with myocardial
infarction to evaluate pathways related to acute viral infection and not
related to the prothrombotic phenotype often described in COVID-19
patients. When comparing the platelet transcriptome from patients
with acute COVID-19 to platelets from patients with myocardial
infarction the most upregulated pathways aside from IFN I pathways,
were the programmed cell death pathways, more specifically apoptosis
and necroptosis. Further functional assays demonstrated that markers
for necroptosis and apoptosis such as caspase 1 and 3 were upregulated
in patients with severe COVID-19 [72]. Additional work interrogating
the platelet proteome in severe, non-severe COVID-19 infection and
healthy donors found an upregulation in differentially expressed pro-
teins involved in programmed cell death in individuals with COVID-19
compared to healthy donors. Confirming findings that the alterations
in the platelet transcriptome impacts protein expression in circulating
platelets [96].

Similarly, findings in cohorts of adult and pediatric patients have
identified increased expression of genes and proteins involved in auto-
phagy and pyroptosis. The latter has been identified as contributing to
NETs and increased patient mortality [29,97].

7.6. SARS-CoV2 effects on megakaryocytes

Considering platelet transcripts are acquired during thrombopoiesis,
transcriptional analysis of MKs in COVID-19 patients can provide further
information on the causes of the platelet phenotype observed during
COVID-19. Single cell RNA-seq (scRNASeq) on MKs revealed increases
transcription factors related to megakaryopoiesis (PF4, MYL9, JUND,
GATA1l, RUNXa and histone associated genes) and inflammatory
response (NFKB1, RELA, STAT3, IFI27 and IFITM3). This suggests that
MKs have been infected, are maturing faster and possibly contributing to
increased production of platelets with altered transcriptomes
[72,98,99]. Moreover, the single-nucleotide polymorphism rs12252
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which truncates the N-terminal of IFITM3 has been associated with
increased COVID-19 severity and mortality in an age dependent manner
[100-102]. The relationship between MK IFITM3 expression and mor-
tality in severe COVID-19 has not been established.

New data shows both bone marrow and lung MKs may become
infected with the SARS-CoV2 virus and promote increased viral
dissemination [74]. Moreover, analysis of both primary human MKs and
established MK cell line revealed increase in s100A8/A9 expression
when MKs were treated with COVID19 [74,79]. Interestingly, treatment
of MKs with another corona virus (COV-Oc43) did not increase s100A8/
A9 expression [74]. This suggests that increases in s100A8/A9 expres-
sion maybe specific to the SARS-CoV2 coronavirus though if it is upre-
gulated in other infectious syndromes needs further investigation
(Fig. 3).

8. Conclusion

As technology continues to evolve and allows further dissection and
more complete understanding of the RNA profile of MKs and platelets,
the more we are able to understand how MKs and platelets are altered by
and contribute to disease. It is clear through numerous investigations
that MKs play direct roles in pathogen interactions and are both indi-
rectly and directly impacted by infection of the host species. Further-
more, platelets are now well-established as immune effector cells with
contributions to bacterial clearance, secretion of antimicrobial proteins
and viral clearance.
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