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1 | INTRODUCTION

Platelets are small, anucleated blood cellular fragments, tradition-
ally known for their physiological role in hemostasis. In physio-
logical conditions, they circulate in a resting state as small discs

Abstract

Although platelets are traditionally recognized for their central role in hemostasis,
the presence of chemotactic factors, chemokines, adhesion molecules, and costimu-
latory molecules in their granules and membranes indicates that they may play an im-
munomodulatory role in the immune response, flanking their capacity to trigger blood
coagulation and inflammation. Indeed, platelets play a role not only in the innate im-
mune response, through the expression of Toll-like receptors (TLRs) and release of
inflammatory cytokines, but also in the adaptive immune response, through expres-
sion of key costimulatory molecules and major histocompatibility complex (MHC)
molecules capable to activate T cells. Moreover, platelets release huge amounts of
extracellular vesicles capable to interact with multiple immune players. The function
of platelets thus extends beyond aggregation and implies a multifaceted interplay
between hemostasis, inflammation, and the immune response, leading to the amplifi-
cation of the body's defense processes on one hand, but also potentially degenerat-
ing into life-threatening pathological processes on the other. This narrative review
summarizes the current knowledge and the most recent updates on platelet immune
functions and interactions with infectious agents, with a particular focus on their in-
volvement in COVID-19, whose pathogenesis involves a dysregulation of hemostatic

and immune processes in which platelets may be determinant causative agents.
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but, in the presence of vascular injury, they are rapidly activated
and aggregate with one another to form a hemostatic plug on the
vessel wall, preventing vascular Iea\kage.l'2 In particular, platelets
contain two main types of secretory organelles, alpha (a)-granules
and dense bodies (5-granules), and most effector functions depend
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on their secretion. As a consequence of granule fusion with the
platelet plasma membrane, several granule molecules may be ex-
pressed on the platelet surface or released as soluble molecules
(eg, coagulation factors, mitogenic factors, angiogenic mediators,
and chemokines) acting either locally at sites of vascular injury or
even systemically (Figure 1). In addition, platelet activation is also
essential for the initiation of many other innate defense mecha-
nisms, acting by promoting the recruitment, migration, and inter-
action of immune cells.

Proteomic studies indicate that a-granules release more
than 300 soluble proteins acting in processes such as blood co-
agulation, inflammation, immunity, cell adhesion and growth,
and possibly other less known activities®® (Table 1). Moreover,
platelets express a broad range of key receptors involved in the
immune response and release a huge amount of extracellular
vesicles (EVs) carrying multiple molecules capable to modulate
the immune response, and it is possible that different biological
activities might be exerted by partially differing platelet popu-
lations. This narrative review will examine the role of platelets
as “multiple-choice immune effectors” involved in recognition
of microbial invaders, with a final focus on their involvement in
COVID-19.
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2 | EXTRACELLULAR VESICLES DERIVED
FROM PLATELETS

EVs are cell-derived membrane particles, ranging from 30 to
5000 nm in size, that have been highly conserved during evolution.
Under physiological conditions, EVs circulate in the blood and other
body fluids and are important mediators of intercellular communica-
tion: They act as shuttle vectors and signal transducers, both locally
and at a distance from their site of origin.* Accumulating evidence
shows that EVs are also emerging as biomarkers of several human
disorders, including cancer, infections, and autoimmune diseases.>*
The most abundant circulating EVs, accounting for 70%-90% of all
EVs, are derived from platelets.* Since EVs transfer proteins, lipids,
metabolites, miRNA, and nucleic acids, platelet-derived EVs (PDEVs)
may influence various physiological and pathological functions of
platelets themselves. Platelets mainly circulate in the blood, whereas
PEDVs can reach also other tissues such as the lymph and lymph
nodes tissues and might therefore influence both the afferent and
efferent arms of the immune response.®

Circulating PDEVs may originate from either megakaryocytes
or platelets.® Those derived from megakaryocytes express on their
surface the integrin subunits allb (GPIlb, CD41), and GPlb (CD42b),
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FIGURE 1 Schematic representation of platelet functions in the hemostatic process and during inflammation. Platelet activation induces
an increase in the expression on the plasma membrane of the active form of integrin allbp3, followed by platelet aggregation promoting
thrombin generation. Platelet-derived microparticles also favoring the coagulation process. Different types of biological mediators released
by a and 8 granules lead to pro-thrombotic and proinflammatory events. The interaction between P-selectin and leukocytes induces the
release of proteases, production of ROS, and expression of TF. CD40L expression supports the recruitment of platelets to the endothelium
of blood vessels, which in turn activates endothelial cells and vVWF release. An increase in cytokine secretion by neutrophils and monocytes
induces platelet activation, which favors inflammatory cytokine production by the platelets themselves. Abbreviations: MO, Monocyte;

NE, neutrophil elastase; NETs, neutrophil extracellular traps; NEUT, Neutrophil; PLT, platelet; PS, phosphatidylserine; ROS, reactive oxygen
species; TF, tissue factor; TXA2, Thromboxane A2; vWF, von Willebrand factor
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and contain filamin A, whereas those derived from activated plate-
lets express markers of granule fusion with the plasma membrane,
like CD62P.® During their activation and maturation platelets release
two different types of EVs, that is, exosomes and microvesicles,
respectively,” but it is not well known their potential extracellular
function than the anticoagulant activity attributed to the latter. In
general, PDEVs derived from activated platelets may be involved
in the coagulation process, either directly or indirectly. Direct ex-
posure of phosphatidylserine on PDEV surface leads to thrombin
generation and blood clotting. Conversely, exposure of P-selectin,
which binds glycoprotein ligand-1 on monocytes, leads to monocyte
activation and production of tissue factor (CD142).

The cargo of PDEVs includes a variety of molecules ranging from
miRNAs, mRNA, non-coding RNA, to cytokines and surface pro-
teins. Pro-inflammatory cytokines are released on activated endo-
thelium, promoting leukocyte recruitment, and thus contributing to
inflammation during infection. Alternatively, they can directly affect
endothelial cells (EC), participating in the development and progres-
sion of atherosclerosis.® In vitro, PDEVs promote the adhesion of

TABLE 1 Principal mediators released by platelets
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neutrophil to EC even when P-selectin is not expressed on EVs sur-
face.” Moreover, PDEVs released from activated platelets carry IL-1p
and caspase-1, capable to promote platelet-neutrophil aggregation
both in vivo and in vitro.2 In Dengue infection, PDEVs released from
activated platelets activate neutrophils and macrophages through
the CLEC5A receptor, induce formation of neutrophil extracellular
trap (NET, see below) and release of pro-inflammatory cytokines.'!
In systemic sclerosis and septic shock, PDEVs express HMGB1 (high
mobility group B1), that can induce neutrophil activation by inter-
acting with TLR4'? leading to autophagy and NET production.'®
Moreover, HMGB1 expressed on the surface of PLT-derived EVs can
be internalized by neutrophils and alter their function. PDEVs can
bind also to classical and intermediate monocyte subsets, supporting
their activation leading to secretion of inflammatory mediators such
as IL-1p, IL-6, and TNF-a, and adhesion to EC through GPIba.X
Regarding the miRNA content, it has been shown that the expres-
sion of miR-223 in PDEVs released from activated platelets regulates
ICAM-1 expression via the NF-kB and MAPK pathways.15 Moreover,
they carry miR-142-3p enhancing endothelial cell proliferation and
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and RANTES

CD40L, TREM1 ligand

PDGF, CTGF, stromal-derived factor-1 alpha,
VEGF/VEP, TGF, TGFa, TNFa, FGF-1

Tissue inhibitors of metalloproteinases,
angiostatin, endostatin
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NAP-2)
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precursor, p1H, Globulin, factor D, factor H,
C1 inhibitor
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Target process/cell

Activation of coagulation
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epidermal cells
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Regulation of immune activation/
switching of f
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Coagulation, thrombin generation
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FIGURE 2 Schematic representation of platelet functions in innate and adaptive immune responses. Platelets exert a role in both the
innate and the adaptive immune response, through the expression of several immune receptors. Key factors for leukocyte recruitment are
the expression of Toll-like receptors (TLRs) and P-selectin (CD62P), and the release of platelet factor 4 (PF4), CD40L, RANTES, and TGF-a.
A) Activated platelets interact with monocytes and neutrophils to form heterotypic aggregates. These interactions induce secretion of active
molecules, including cytokines and chemokines, such as IL-6, IL-8, Mac-1, and TF, modulating inflammation and thrombosis. B) Platelets can
adhere to lymphocytes to form platelet-lymphocyte complexes, with different effects. They affect the CD4+ Th cell response, inducing
cytokine production typical of Th-1, Th-17, and T-reg cells. They favor Ig production in B cells and enhance the antiviral cytotoxic responses
on CD8+ Th cells. Abbreviations: Ig, Immunoglobulin; Mac-1, macrophage-1 antigen; PF4, platelet factor 4; TF, tissue factor; TGF-a,
transforming growth factor-alpha; Th, T helper; T-reg, regulatory T cells

dysfunction via Bcl-2-associated transcription factor 1 (BCLAF1).*
Two other miRNAs, that is, miR-15b-5p and miR-378a-3p, induce
NET formation.'® Another study showed that PDEVs can be inter-
nalized by primary human macrophages and deliver the functional
miR-126-3, which modifies their transcriptome and reprograms their
function toward a phagocytic phenotype.” Moreover, PDEVs are
also involved in vascular and metabolic diseases, through upregu-
lation of several miRNAs, for example, miR-144-3p, miR-486-5p,
miR-142-5p, miR-451a, miR-25-3p, miR-145-5p, and let-7f-5p, having
as targets mRNAs involved in vascular remodeling. Platelet-derived
exosomes induce NET formation via miR-15b-5p and miR-378a-3p.
Lastly, circular RNA, which is a novel class of non-coding RNA, has
been identified in PDEVs derived from activated platelets.*®

3 | PLATELETS AS MODULATORS OF THE
IMMUNE RESPONSE

Platelets play a role in the innate immune response, through the ex-
pression of Toll-like receptors (TLRs), and in the adaptive immune
response by directly modulating lymphocyte activation, mainly by
CD40 ligand (CD40L) and major histocompatibility complex (MHC)

molecules. Platelets play a sentinel role at sites of vascular injury,
which may be crucial in regulating both the inflammatory and the
adaptive immune responses, taking part in pathogen clearance and
tissue repair (Figure 2). This also involves switching off the immune

response, through FasL-mediated triggering of Fas on lymphocytes.

3.1 | Platelets as innate immune activators

TLRs play key roles in the innate immune response, which subse-
quently leads to the activation of antigen-specific adaptive immu-
nity. They are expressed mainly on the membrane of sentinel cells
such as macrophages and dendritic cells. They belong to the pattern
recognition receptor (PRR) family, recognizing molecules or por-
tions of molecules expressed by pathogenic microorganisms, named
pathogen-associated molecular patterns (PAMPs).Y?

Recently, both human and murine platelets, as well as megakary-
ocytes, have been shown to express TLR4, which recognizes lipo-
polysaccharides (LPS) expressed on the surface of Gram-negative
bacteria. In damaged infected tissues, pathogens can be recognized
directly by platelet TLR4, inducing platelet activation, by the release

of pro-inflammatory mediators, and by the recruitment of leukocytes
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at sites of infection, and improving their ability to remove pathogens.
Moreover, circulating pathogens may be bound and sequestered by
platelet TLR4, which decreases their systemic dissemination.?°
Other platelet receptors that can interact with bacteria are in-
tegrin allbf3, FcgRlla, and glycoprotein Ib-IX. These trigger platelet
activation, followed by the release of pro-inflammatory mediators
and activation of the coagulation cascade, with positive feedback

activity.?!

3.2 | Platelets as pan-immune activators

Platelets are considered as silos of CD40L: They express CD40L on
their surface within minutes from activation, and they are the main
source of the soluble circulating form of CD40L (sCD40L). sCD40L
can be produced by metalloprotease-dependent cleavage of the
membrane form, or, alternatively, by splicing of the CD40L mRNA.
Besides, CD40L can be released associated with platelet-derived mi-
croparticles. Plasma levels of sCD40L are routinely used as a marker
of platelet activation and may be associated with clinical adverse
outcomes, such as cardiovascular events.??

CD40L induces inflammatory and pro-thrombotic responses
by interacting with CD40. CD40L and CD40 are surface receptors,
belonging to the tumor necrosis factor (TNF) and TNF receptor su-
perfamilies, respectively. CD40 was initially identified on B cells,
but it is also expressed on other cell types, such as T cells, natural
killer (NK) cells, dendritic cells, monocytes, macrophages, as well
as on non-hematopoietic cells such as fibroblasts and endothelial
cells. Moreover, CD40L can bind the integrins allbf3, a581 (CD4%e/
CD29), and macrophage-1 antigen (MAC-1, or CD11b/CD18, or
aMp2), and CD40L-mediated triggering of integrin allbf3 expressed
on platelets is involved in platelet activation in an auto-amplification
loop.2®

Alongside platelet activation, CD40/CD40L interaction also
triggers bidirectional signals, regulating a broad spectrum of cellu-
lar and molecular processes involved in activation and progression
of the innate and adaptive immune responses. In endothelial cells,
CDA40 triggering stimulates the expression of adhesion molecules
and chemokines, enhancing recruitment of immune cells. In mono-
cytes, macrophages, and dendritic cells, CD40 stimulates cell
activation, expression of cytokines, and release of procoagulant
tissue factor. In B cells, it co-stimulates activation, isotype switch-
ing, and germinal center development. T cells express CD40L
and CD40, both displaying costimulatory activity for T-cell acti-
vation. Similarly, platelets can co-express CD40L and CD40, and
thus support T-cell activation both directly and indirectly, since
stimulation of CD40L and, to a lesser extent, CD40 on T cells co-
stimulates T-cell activation. Conversely, stimulation of CD40 on
antigen-presenting cells potentiates their antigen-presenting cell
activity for T-cell activation.?*

sCD40L may trigger activating stimuli on CD40, thanks to its
ability to oligomerize, mimicking the activity of membrane-bound

CD40L. However, sCD40L can also act as a competitive antagonist
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in the interaction between the membrane-bound forms of CD40 and
CD40L, playing a role in down-modulating the immune response.?’

3.3 | Class | MHC molecules

Platelets also express class | major histocompatibility complex (MHC
1), of which two distinct pools can be expressed. Resting platelets
express partially denatured MHC | molecules adsorbed from the
plasma. They are generally unable to activate CD8 + T cells, and
most of them contribute to their inhibition, possibly by triggering
negative signals through the CD8 co-receptor. Conversely, acti-
vated platelets express functional MHC | molecules associated
with a-granules, which can present not only endogenous antigens
by the standard cytosolic pathway but also exogenous antigens, by
cross—presentation.26 Moreover, they can express key costimulatory
molecules for T cells, such as CD86 binding CD28 expressed on T
cells and involved in delivery of the “second signal” needed for T-cell
activation together with the “first signal” delivered by TCR engage-
ment by the MCH/peptide complex.?’ As a result, platelets may act
as a double-edged sword, capable of inhibiting or activating CD8 + T

cells depending on their activation state and the pool of MHC | used.

3.4 | FasL

Activated platelets also express FasL, which triggers the death re-
ceptor Fas expressed by several cell types, including activated im-
mune cells. FasL and Fas are surface receptors, belonging to the
TNF and TNF receptor superfamilies, respectively. Fas triggering by
FasL induces apoptosis of activated lymphocytes and inflammatory
cells and plays a key role in shutting down the immune response.
FasL expressed by activated platelets might thus be involved in
down-regulating the inflammatory and adaptive immune responses.
Inherited defects of the FAS or FASL gene cause autoimmune lym-
phoproliferative syndrome (ALPS), due to defective switching down
of the immune response. ALPS is characterized by autoimmunity
(chiefly autoimmune thrombocytopenia), lymphadenopathy, and
splenomegaly due to accumulation of lymphocytes in the second-
ary lymphoid tissues, and expansion of T-cell receptor (TCR) af + T
cells lacking both CD4 and CD8, known as double-negative T cells.
Intriguingly, defective Fas function can frequently be detected in pa-
tients with immune thrombocytopenia, even in the absence of the
clinical features of ALPS or mutations of the FAS and FASL genes.?®
FasL expressed on platelets may also play a role in hemostasis
and thrombosis, by interacting with Fas expressed on red blood cells.
Fas triggering induces externalization of phosphatidylserine on the
red blood cell membrane, promoting hemostasis and thrombosis.
Inhibition or genetic deletion of either FasL or Fas results in de-
creased thrombin generation and thrombus formation in vitro, and
in reduced protection from arterial thrombosis in vivo.?’
Another shutting down system of the immune response, which

may be recruited by platelets, is the programmed cell death protein-1
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(PD-1) system. PD-1 is a key negative receptor expressed by acti-
vated and exhausted T cells and acts as an immune checkpoint to

down-regulate the immune response.

4 | ROLE OF PLATELETS IN INFECTIONS

The normal blood platelet count is between 150 x 10° and 450 x 107
platelets/L; however, only a small proportion of them (10 x 10°
platelets/L) is normally necessary to prevent bleeding, although se-
vere injury or major surgery may consume larger numbers. This has
always suggested that the numerous platelets in circulation have
other functions besides hemostasis. Recent studies indicate that
platelets may play a key role in the immune response against patho-
gens, by inhibiting their dissemination through the circulation, which
would increase the severity of the infection. The thrombocytopenia
that may develop during infections can thus be understood as the
consequence of platelet direct involvement in defensive mecha-

nisms, and their consequent consumption.

4.1 | Neutrophil extracellular traps

Neutrophils not only are key early responders to tissue injury and
infection, but are also able to release their nuclear content into the
vascular system in order to deceive and capture circulating patho-
gens. They form networks of chromatin, histones, and degradation
enzymes, known as neutrophil extracellular traps (NETs), which are
able to capture microbes in the bloodstream, thus limiting their ca-
pacity to colonize distant sites.

The classical process of NET generation, named netosis, may be
accompanied by a peculiar type of cell death, called suicidal netosis,
different from necrosis and apoptosis, whose mechanism is not yet
fully understood. Vital and suicidal netosis differ in the triggering
stimulus, timing, and mechanisms of DNA release. Suicidal netosis
is induced by PMA, requires hours to occur, and releases DNA upon
cell lysis. By contrast, vital netosis is induced by the interactions of
PAMPS expressed by microbes with specific host receptors, is rela-
tively rapid, and releases DNA upon vesicular trafficking from the
nucleus to the extracellular space.

To trigger NET generation, neutrophils must interact with acti-
vated platelets. Platelets can be activated by TLR-4 ligands such as
LPS, HMGB-1, and flagellin.®°

Once activated, platelets can interact with neutrophils through
platelet P-selectin directly engaging PSGL-1 (P-selectin glycoprotein
ligand-1) on neutrophils and platelet GPlba directly binding to neu-
trophil MAC-1. The latter interaction is particularly important to sup-
port the interactions between platelets and neutrophils at low shear
rates such as those found in arteries. Platelets can also bind to neu-
trophils through the activated allbp3 integrin that, on neutrophils,
can bind either directly the newly identified receptor SLC44A2 or in-
directly MAC-1 through fibrinogen bridging.®! The complex formed

by platelets plus NETs leads to the formation of “immuno-thrombi,”

which appear to function as focal points for microbial elimination.
Immuno-thrombi act not only as three-dimensional networks trap-
ping microbes, but also as platforms concentrating leukocytes and
lytic enzymes, actively contributing to the elimination of pathogens,
and actively modulating the immune response.

Furthermore, the negatively charged nucleotides of NETs are
able to trigger the intrinsic coagulation pathway, whose activation
leads to the formation of thrombin that, in turn, amplifies platelet
activation being a potent agonist of protease-activated receptors
(PAR).

4.2 | Platelets and bacterial infections

Bacteria can indirectly bind platelets through fibrinogen, which can
form a bridge between platelets and bacteria expressing fibrinogen-
specific receptor. In addition, some bacteria, such as Staphylococcus
aureus, directly bind integrin allbp3 through iron-regulated surface de-
terminant (Isd), normally used to catch and internalize the heme group
of hemoglobin for an appropriate iron supply.®? Finally, some bacterial
toxins, such as Streptococcus pyogenes streptolysin O, Streptococcus
pneumoniae pneumolysin, and Staphylococcus aureus protein A, can
bind to von Willebrand factor (vWF) potentiating attachment to GPlIb,
even in the absence of shear forces that would be normally required.*®

Activated platelets increase their expression of C1gR and CD62P,
which may recognize bacteria opsonized by Clq or C3, respectively,
and even lead to internalization of bacteria as detected by electron
microscopy.32'34

Platelets activated by thrombin or bacteria can also secrete
platelet microbicidal proteins (PMPs), also known as thrombocidins,
including platelet factor-4 (PF4), platelet basic protein (PBP), and fi-
brinopeptides. These proteins are activated by thrombin-mediated
cleavage and act by both chemoattracting leukocytes and target-
ing bacterial membranes. Intriguingly, PF4 binds with high affinity
LPS lipid A expressed by Gram-negative bacteria and, then, exposes
a neo-epitope recognized by anti-PF4 antibodies. Since PF4 binds
many different bacteria, these antibodies will be able to “aspecifi-
cally” opsonize all of them allowing their clearance by phagocytes

expressing Fc receptors.®®

4.3 | Viral infections

Several platelet receptors mediate direct binding to viruses; they in-
clude integrin allbp3, collagen receptor GPVI, complement receptor
2 (CR2), TLRs 2 and 4, lectins like DC-SIGN or C-type lectin-domain
family 2 (CLEC-2), several chemokine receptors. Some of them are
known to work as co-receptors for viral entry, such as CCL5 for
human immunodeficiency virus (HIV), and enable multiple and com-
plex virus-platelet interactions that may be involved in viral entry
into platelets or viral neutralization. Interestingly, these surface mol-
ecule are also inducible by platelet agonists such as thrombin, result-

ing in the amplification of platelet response to viral pathogens.%®
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Moreover, indirect binding is mediated by the immunoglobulin
receptor FcyRIIA recognizing 1gG bound to viral particles and trig-
gering platelet activation.®®

As for bacteria, viral trapping within platelets has been docu-
mented by electron microscopy. Youssefian et al observed plate-
let endosomes containing HIV particles, likely captured through a
dynamin and chlathrin-mediated engulfment.34 Moreover, adeno-
viruses can be taken up through the membrane-associated open
canalicular system,.>® Upon entry, viruses may take advantage of
the platelet translational apparatus to synthetize viral proteins and
assembly new virions, so that platelets may become virus reservoirs.
By contrast, the DNA transcription incompetence of platelets does
not allow assembly of DNA viruses.

From a clinical viewpoint, the thrombocytopenia often detected
during viral infection can be explained by two mechanisms: downreg-
ulation of bone marrow thrombocytopoiesis and peripheral platelet
consumption. Thrombocytopoiesis may be decreased either by im-
pairing hepatic production of thrombopoietin (TPO), the main growth
factor involved in megakaryopoiesis, by decreasing the sensitivity of
the TPO receptor c-Mpl to TPO, or by directly infecting and disrupting
bone marrow hematopoietic stem cells.®” Platelet consumption may
be increased by direct infection or by their activation either directly
or indirectly through the coagulation cascade. To cite just a few ex-
amples, TF release is a key mechanism. Platelets are exquisite sensors
of endothelial dysfunction and immediately reactive to subendothelial
molecules exposed by a disrupted endothelium or by products of en-
dothelial secretion. TF release can also be induced by viruses in lymph-
node and circulating macrophages. In turn, TF initiates the extrinsic
pathway of the coagulation cascade, again leading to thrombin gen-
eration and consequent platelet activation.®® Furthermore, induction
of microparticle release (both exosomes and microvesicles) has been
described for HIV and Dengue virus as a hallmark of platelet activation.
Dengue virus can also activate caspases, resulting in platelet apoptosis,
or induce P-selectin exposure of procoagulant phospholipids on the
platelet surface, stimulating the coagulation cascade and leading to
thrombin generation, which in turn further stimulates platelets.38

Finally, thrombocytopenia and inflammation are also associated
with parasitic infections, in particular with malaria. Platelets have been
shown to be infected with intact Plasmodium and contain structures
suggestive of degraded parasite material in electron microscopy.?’

On the whole, platelet role in body defense against pathogens
involves plenty of bidirectional and sometimes even redundant sig-
naling pathways able to build up what has been elegantly termed an
“immune syntax,” that is, a coordinated strategy whose primary aim

is the optimization of host defense.

5 | PLATELETS AND CORONAVIRUS
DISEASE 2019 (COVID-19)

Platelets play key roles in viral infections, and the recent severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic

has demonstrated how the interplay between hemostasis and the
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immune response is particularly evident. Coronavirus disease 2019
(COVID-19) first emerged in December 2019, originating from a
cluster in the seafood market in Wuhan, China, and was declared a
pandemic on March 11, 2020. It severely challenged health systems
worldwide, making it urgent not only to identify effective treatments
and to develop a vaccine but also to understand the pathogenic
mechanisms of this insidious and unpredictable disease.

Coronaviruses are a large family of enveloped single-stranded
RNA viruses with a nucleocapsid. In humans, they generally cause
mild upper respiratory tract infections, but three of them, that is,
SARS-CoV, Middle-East respiratory syndrome-CoV (MERS-CoV),
and SARS-CoV-2, can cause severe lower respiratory tract infections
leading to a severe acute respiratory syndrome (SARS), with high le-
thality. Angiotensin-converting enzyme 2 (ACE2) is the main recep-
tor used by SARS-CoV-2 to invade several types of host cells. The
main targets are lung cells, but others can be the liver, heart, kidney,
intestine, brain, and blood vessels. The infection impacts not only
on the host immune defenses, but also on hemostasis, metabolisms,
and the global plasma Iipidome.39 Moreover, proteomic analysis re-
vealed a proteomic signature in COVID-19 patients, which involved
proteins associated with the immune response, coagulation, and
inflammation.>*

Severe cases develop pneumonia with acute respiratory distress
syndrome (ARDS) that, in some patients, is associated with a cyto-
kine storm resembling the sepsis-like picture of macrophage activa-
tion syndrome (MAS) and progressing to multi-organ failure. A key
role in lung damage is played by thrombosis of the perialveolar cap-
illaries, triggered by severe endothelial damage and potentiated by
inflammation, a picture known as thromboinflammation. Since plate-
lets play a significant role in thrombosis and inflammation, they may
be key players in COVID-19. Indeed, typical hematological features
of COVID-19 are thrombocytopenia, lymphopenia, and neutrophilia.
Lymphopenia and thrombocytopenia are often already present at

admission and are more prominent in severe cases.®?

5.1 | Thrombocytopenia

A recent meta-analysis reported a significant association between
thrombocytopenia and both COVID-19 severity and its mortality
in 1 779 COVID-19 patients.*' This finding is supported by other
studies, showing that platelet count is an independent predictor of
disease progression, with a high negative predictive value (NPV).
Interestingly, a relevant predictive role was detected not only for
the baseline platelet count but also for its evolution during the clini-
cal course of the infection, so that in-hospital mortality is positively
correlated with the magnitude of the decrease.*? Even more specifi-
cally, an initial increase in platelet counts when the infection begins
has been reported, followed by a rapid drop after the occurrence of
severe illness, probably reflecting an initial acute phase reaction, fol-
lowed by massive platelet activation and consumption.*3

COVID-19 thrombocytopenia is likely to be multifactorial. Firstly,

it may be related to very high platelet consumption originating from
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the vasculopathy induced by generalized inflammation. Endothelial
damage promotes platelet activation, by increasing the expression
of adhesion molecules and receptors like CD40 and at the same
time exposing collagen and tissue factor, the latter also being able
to trigger the coagulation cascade.** Moreover, platelet activation
results in a vicious circle, since the chemotactic function of active
platelets recruits leukocytes and increases endothelial inflammation.
This process can be considered part of a more systemic phenome-
non, occurring as a result of the cytokine storm following massive
immune activation in response to the viral infection.*>#¢ In the worst
cases, this defense mechanism may end up causing disseminated in-
travascular coagulation (DIC), a well-known complication of severe
CovID-19.

Exposure of endothelium, platelets, and leukocytes to PAMPs
and damage-associated molecular patterns (DAMPs), and to pro-
inflammatory cytokines (primarily IL-6), initiates a cascade of
events leading to dysregulated thrombin generation and a throm-
boinflammatory process, in which pro-thrombotic phenomena
prevail over hyperfibrinolysis. It seems that in COVID-19 this
sepsis-induced coagulopathy (SIC), despite its potential to act

systemically, especially targets the lungs and, in particular, the
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pulmonary microvasculature. Following the induction of primary
and secondary hemostasis, microthrombi develop, gas exchange
is impaired, and the patient eventually develops ARDS.*” To fur-
ther worsen the clinical scenario, mechanical ventilation, used in
patients with respiratory failure, can also promote damage of al-
veolar epithelial and endothelial cells (ventilation-induced lung in-
jury, or VILI),*® thus initiating a self-amplifying process challenging
patient survival.

A role in thrombocytopenia may also be played by a reduced
production of platelets by the bone marrow. This possibility was
already described for SARS but it might be true also for SARS-
CoV-2, which shows almost 80% of nucleotide identity with SARS-
CoV,* even though this hypothesis has not been proven yet. The
lung is known to be the primary site where megakaryocyte frag-
mentation into platelets occurs since it is the first vascular bed
encountered after leaving the bone marrow.’® A study to eluci-
date the possible pathogenesis of late neonatal thrombocytopenia
using mouse models pointed to lung injury as a likely cause, since
endothelial damage could impair the ability of pulmonary capillar-
ies to retain megakaryocytes and favor platelet release. Thus not

only do platelets have a reduced half-life due to their activation
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FIGURE 3 Schematic representation of platelets and SARS-CoV-2 interaction leading to thrombocytopenia, neutrophilia, and
lymphopenia. A) Thrombocytopenia is ascribable to platelet consumption, which originates from the vasculopathy induced by the cytokine
storm, triggered by the viral infection. Increased expression of CD40 in damaged endothelium induces platelet activation, which favors
endothelial inflammation. Platelet consumption is heightened by the impaired ability of pulmonary capillaries to retain megakaryocytes
and favor platelet release; bone marrow viral infection also contributes to platelet reduction. Immune thrombosis plays a central role in
thrombocytopenia; activation of platelets promotes the formation of immuno-thrombi, which act as focal points for microbial elimination,
concentrating leukocytes and lytic enzymes. B) Neutrophilia is mainly due to platelet activation by pro-inflammatory cytokines induced by
SARS-CoV-2 infection, and adhesion molecules expressed by damaged endothelium, which sets off a mutual interaction with neutrophils,
enhancing their degranulation and DNA release to form NETSs, favoring the coagulation cascade. C) Lymphopenia includes a marked
reduction of CD4+ T helper, CD8+ T cytotoxic cells, and NK cells. It is mainly ascribable to cytolytic effects exerted by SARS-CoV-2 on
infected lymphocytes, or to hyperinflammation induced by the infection, which increases lymphocyte apoptosis through Fas triggered by

FasL expressed on activated platelets
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and consumption caused by the vasculopathy, but they also fail
to be released from their precursors while in the pulmonary cir-
culation.®® Thus, the loss of the lung's function as "platelet man-
ufacturer” after virus-induced microvascular damage provides an
alternative explanation of the platelet count reduction also found
in COVID-19.

Another cause of decreased thrombocytopoiesis is direct bone
marrow infection by SARS-CoV-2, or induction of an autoimmune
response against blood cells including megakaryocytes.*! A role
might also be played by liver dysfunction, due to direct liver infec-
tion (hepatocytes express ACE2), hyperinflammation, thrombotic
microangiopathy, drug-mediated toxicity, and hemodynamic alter-
ations, with hepatic ischemia due to cardiac failure, and hepatic
venous congestion due to increased central venous pressure>?
(Figure 3A).

5.2 | Neutrophilia

COVID-19 neutrophilia might be ascribed to the cytokine storm
that may promote neutrophil production and release from the bone
marrow, and cytokine release from the marginated pools of the
lungs, liver, and spleen. Neutrophils may play a role in COVID-19
hemostatic dysfunction, by producing NETs capable of interacting
with platelets. Platelet activation by pro-inflammatory cytokines
and adhesion molecules, expressed by damaged endothelium,
sets off a mutual interaction with neutrophils, enhancing platelet
degranulation and DNA release to form NETs.>® In addition, the
interplay between neutrophils and platelets may partly explain
the induction of platelet aggregation and coagulation, a relevant
issue especially in an atypical viral infection like COVID-19, char-
acterized by prevailing neutrophilia, rather than lymphocytosis,
in which coagulopathy is a possible adverse outcome.>* Indeed,
NETs released by activated neutrophils are able to trigger the
coagulation cascade, through both platelet-independent and
platelet-dependent mechanisms. In the first case, the cell-free
DNA (cfDNA) of NETs activates the intrinsic pathway, by interact-
ing with contact factors Xll and X1,%° while neutrophil elastase and
cathepsin G inhibit tissue factor pathway inhibitor,’® and histones
block the thrombomodulin-mediated protein C activation.” All
these effects converge to generate thrombin. Conversely, if NETs
come into contact with platelets, the cationic histones forming the
chromatin structure of NETs induce platelet activation, likely by
interacting with TLR2 and TLR4, or via electrostatic contact with
phospholipids,>® leading to aggregation but also to the release of
polyphosphates, and triggering the coagulation cascade. This may
explain why DNase can, paradoxically, lead to advanced sepsis,
since DNA digestion exposes previously hidden histones, which
in turn have a greater chance of interacting with platelets.”? In
this connection, histone-targeting drugs, but also polyphosphate-
targeting substances such as alkaline phosphatase, might be con-
sidered as possible future therapeutic strategies also in COVID-19

patients developing coagulopathy (Figure 3B).

Laboratory Hematology

5.3 | Lymphopenia

In the initial phases of the infection, blood lymphocyte counts are
either normal or mildly decreased; however, when the “cytokine
storm” blows up, substantial lymphopenia becomes evident, which
is an atypical feature for viral infections. Lymphopenia involves a
marked reduction of T cells, involving both CD4 + T helper and espe-
cially CD8 + T cytotoxic cells, and NK cells, whereas B-cell numbers
are reported to be either reduced or normal.*? An increased number
of T cells express activation markers, such as CD69, CD38, CD44,
OX40, 4-1BB, and exhaustion markers such as PD1.%°

Several mechanisms have been suggested to explain lymphope-
nia. On the one hand, lymphocytes express ACE2 and might thus
be infected by SARV-CoV2, with a possible cytolytic effect. On the
other hand, hyperinflammation induced by the infection may favor
lymphocyte apoptosis, by activation-induced cell death or trigger-
ing of death receptors. Indeed, COVID-19 patients display increased
numbers of T cells expressing the death receptors Fas and PD-1,%°
which can be triggered by their ligands, FasL and PD-L1/L2, respec-
tively: These are widely expressed in inflamed tissues and can also
be expressed by platelets themselves. Moreover, the COVID cyto-
kine storm includes the production of high levels of TNFa triggering
TNF receptors, which, too, may work as death receptors under cer-

tain circumstances (Figure 3C).

5.4 | PDEVsand COVID-19

Recent studies reported the emerging role of PDEVs in SARS-CoV-2
infection. We showed that the PDEV count is higher in SARS-CoV-2*
hospitalized patients compared to SARS-CoV-2" ones and healthy
controls. PDEVs showed also a good performance as diagnostic bio-
markers in discriminating SARS-CoV-2" from SARS-CoV-2" patients,
and might be possibly involved in the thromboembolism and vascu-
lar leakage, which are clinical hallmarks of SARS-CoV-2 infection.®!
A recent study showed that activation of the platelet inflammasome
leads to release of PDEVs carrying IL-1p and caspase-1 that bind to
neutrophils and promote platelet-neutrophil aggregation in lung ar-
terioles.’® Another study showed that, in COVID-19 patients, PDEVs
are increased and platelets carry the SARS-CoV-2 RNA. The authors
hypothesized that the presence of viral RNA in the endosomal com-
partment may activate platelet TLR-7, as reported also in influenza
and encephalomyocarditis virus infections.®?> Moreover, we detected
the SARS-CoV-2 RNA in the exosomal cargo from both critical and
not critical SARS-CoV-2" patients, and we suggested that the virus

might use this route to spread the infection.®®

6 | CONCLUSIONS

Platelets are true sentinels of our organism, the front line of a large
army that quickly and efficiently coordinates the immune response.

Once the pathogen is revealed, platelets are rapidly activated and
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guide the inflammatory response, producing a wide spectrum of
immunomodulatory cytokines, chemokines, and other mediators.
Platelets can simultaneously coordinate multiple cells with dif-
ferent functions, such as the endothelium (through adhesion mol-
ecules and chemokines), neutrophils (promoting phagocytosis and
oxidative burst), and lymphocytes. Thanks to their wide range of
adhesion molecules and preformed chemokines, platelets can also
adhere directly to leukocytes and facilitate their recruitment to sites
of tissue damage or infection, and they participate directly in the
capture and sequestration of pathogens within the vascular system.
Moreover, thanks to platelet-neutrophil interactions, platelets in-
duce the release of NETs in response to bacterial or viral infection
and are capable of trapping pathogens within platelet aggregates.
Lastly, platelets provide an abundance of growth factors, cytokines,
chemokines, and EVs, with local and systemic effects. All these fea-

tures may play key roles in COVID-19 pathogenesis.

CONFLICT OF INTEREST

All authors disclose no financial or personal relationships with
other people or organizations that could inappropriately influ-
ence (bias) this work. No study sponsors were involved in this

manuscript.

AUTHOR’S CONTRIBUTION

All Authors participated in the collection of available information
from the literature and in the writing of this review. In particular,
Alessandra Bertoni wrote the section about NETs and contributed
to the final revision of the manuscript. Elena Boggio, Casimiro Luca
Gigliotti, Annalisa Chiocchetti, and Giuseppe Cappellano were in-
volved in the sections dedicated to the role of platelets in the innate
and adaptive immune response and to platelet-derived extracellu-
lar vesicles, also providing data from their own studies in the field.
Chiara Puricelli contributed to the section regarding platelet involve-
ment in infections and to the final focus on COVID-19. Roberta Rolla
and Umberto Dianzani supervised the whole writing process and
gave a substantial contribution to the entire structure of the manu-
script. All authors have read and agreed to the published version of
the manuscript.

DATA AVAILABILITY STATEMENT
The data used for this review are available from the corresponding

author.

ORCID
Roberta Rolla

Chiara Puricelli

https://orcid.org/0000-0003-0805-8285
https://orcid.org/0000-0002-0416-6687

REFERENCES

1. Becker RC, Sexton T, Smyth SS. Translational implications of plate-
lets as vascular first responders. Circ Res. 2018;122(3):506-522.
https://doi.org/10.1161/CIRCRESAHA.117.310939

2. Maynard DM, Heijnen HFG, Horne MK, White JG, Gahl
WA. Proteomic analysis of platelet a-granules using mass

10.

11.

12.

13.

14.

15.

16.

17.

spectrometry. J Thromb Haemost. 2007;5(9):1945-1955. https://doi.
org/10.1111/j.1538-7836.2007.02690.x

Maione F, Cappellano G, Bellan M, Raineri D, Chiocchetti A.
Chicken-or-egg question: Which came first, extracellular vesicles or
autoimmune diseases? J Leukoc Biol. 2020;108(2):601-616. https://
doi.org/10.1002/JLB.3MR0120-232R

Italiano JE, Mairuhu AT, Flaumenhaft R. Clinical relevance of mi-
croparticles from platelets and megakaryocytes. Curr Opin Hematol.
2010;17(6):578-584. https://doi.org/10.1097/MOH.0b013e3283
3e77ee

Puhm F, Boilard E, MacHIus KR. Platelet extracellular vesicles: be-
yond the blood. Arterioscler Thromb Vasc Biol. 2021;41(1):87-96.
https://doi.org/10.1161/ATVBAHA.120.314644

Flaumenhaft R, Dilks JR, Richardson J, et al. Megakaryocyte-
derived microparticles: direct visualization and distinction from
platelet-derived microparticles. Blood. 2009;113(5):1112-1121.
https://doi.org/10.1182/blood-2008-06-163832

Heijnen HFG, Schiel AE, Fijnheer R, Geuze HJ, Sixma JJ. Activated
platelets release two types of membrane vesicles: Microvesicles by
surface shedding and exosomes derived from exocytosis of mul-
tivesicular bodies and a-granules. Blood. 1999;94(11):3791-3799.
https://doi.org/10.1182/blood.v94.11.3791

Mause SF, Von Hundelshausen P, Zernecke A, Koenen RR,
Weber C. Platelet microparticles a transcellular delivery system
for RANTES promoting monocyte recruitment on endothelium.
Arterioscler Thromb Vasc Biol. 2005;25(7):1512-1518. https://doi.
org/10.1161/01.ATV.0000170133.43608.37

Kuravi SJ, Harrison P, Rainger GE, Nash GB. Ability of platelet-
derived extracellular vesicles to promote neutrophil-endothelial
cell interactions. Inflammation. 2019;42(1):290-305. https://doi.
org/10.1007/s10753-018-0893-5

Vats R, Brzoska T, Bennewitz MF, et al. Platelet extracellular vesi-
cles drive inflammasome-IL-18-dependent lung injury in sickle cell
disease. Am J Respir Crit Care Med. 2020;201(1):33-46. https://doi.
org/10.1164/rccm.201807-13700C

Sung PS, Huang TF, Hsieh SL. Extracellular vesicles from CLEC2-
activated platelets enhance dengue virus-induced lethality via
CLEC5A/TLR2. Nat Commun. 2019;10(1):2402. https://doi.
org/10.1038/s41467-019-10360-4

Tadie JM, Bae HB, Jiang S, et al. HMGB1 promotes neutrophil ex-
tracellular trap formation through interactions with Toll-like recep-
tor 4. Am J Physiol - Lung Cell Mol Physiol. 2013;304(5): https://doi.
org/10.1152/ajplung.00151.2012

Jiao Y, LiW, Wang W, et al. Platelet-derived exosomes promote neu-
trophil extracellular trap formation during septic shock. Crit Care.
2020;24(1):1-18. https://doi.org/10.1186/s13054-020-03082-3
Weiss R, Groger M, Rauscher S, et al. Differential interaction
of platelet-derived extracellular vesicles with leukocyte sub-
sets in human whole blood. Sci Rep. 2018;8(1):1-11. https://doi.
org/10.1038/s41598-018-25047-x

Li J, Tan M, Xiang Q, Zhou Z, Yan H. Thrombin-activated platelet-
derived exosomes regulate endothelial cell expression of ICAM-1
via microRNA-223 during the thrombosis-inflammation response.
Thromb Res. 2017;154:96-105. https://doi.org/10.1016/j.throm
res.2017.04.016

Bao H, Chen Y, Huang K, et al. Platelet-derived microparticles pro-
mote endothelial cell proliferation in hypertension via miR-142-3p.
FASEB J. 2018;32(7):3912-3923. https://doi.org/10.1096/fj.20170
1073R

Laffont B, Corduan A, Rousseau M, et al. Platelet micropar-
ticles reprogram macrophage gene expression and function.
Thromb Haemost. 2016;115(2):311-323. https://doi.org/10.1160/
TH15-05-0389

. PreuBer C, Hung LH, Schneider T, et al. Selective release of

circRNAs in platelet-derived extracellular vesicles. J Extracell


https://orcid.org/0000-0003-0805-8285
https://orcid.org/0000-0003-0805-8285
https://orcid.org/0000-0002-0416-6687
https://orcid.org/0000-0002-0416-6687
https://doi.org/10.1161/CIRCRESAHA.117.310939
https://doi.org/10.1111/j.1538-7836.2007.02690.x
https://doi.org/10.1111/j.1538-7836.2007.02690.x
https://doi.org/10.1002/JLB.3MR0120-232R
https://doi.org/10.1002/JLB.3MR0120-232R
https://doi.org/10.1097/MOH.0b013e32833e77ee
https://doi.org/10.1097/MOH.0b013e32833e77ee
https://doi.org/10.1161/ATVBAHA.120.314644
https://doi.org/10.1182/blood-2008-06-163832
https://doi.org/10.1182/blood.v94.11.3791
https://doi.org/10.1161/01.ATV.0000170133.43608.37
https://doi.org/10.1161/01.ATV.0000170133.43608.37
https://doi.org/10.1007/s10753-018-0893-5
https://doi.org/10.1007/s10753-018-0893-5
https://doi.org/10.1164/rccm.201807-1370OC
https://doi.org/10.1164/rccm.201807-1370OC
https://doi.org/10.1038/s41467-019-10360-4
https://doi.org/10.1038/s41467-019-10360-4
https://doi.org/10.1152/ajplung.00151.2012
https://doi.org/10.1152/ajplung.00151.2012
https://doi.org/10.1186/s13054-020-03082-3
https://doi.org/10.1038/s41598-018-25047-x
https://doi.org/10.1038/s41598-018-25047-x
https://doi.org/10.1016/j.thromres.2017.04.016
https://doi.org/10.1016/j.thromres.2017.04.016
https://doi.org/10.1096/fj.201701073R
https://doi.org/10.1096/fj.201701073R
https://doi.org/10.1160/TH15-05-0389
https://doi.org/10.1160/TH15-05-0389

ROLLA ET AL.

International Journal of

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Vesicles.  2018;7(1):1424473.
078.2018.1424473

Takeda K, Akira S. Toll-Like receptors. Curr Protoc Immunol.
2015;109(1):1-14. https://doi.org/10.1002/0471142735.im1412s109
Vallance TM, Zeuner M-T, Williams HF, Widera D, Vaiyapuri S. Toll-
like receptor 4 signalling and its impact on platelet function, throm-
bosis, and haemostasis. Mediators Inflamm. 2017;2017:9605894.
https://doi.org/10.1155/2017/9605894

Watson CN, Kerrigan SW, Cox D, Henderson IR, Watson SP, Arman
M. Human platelet activation by Escherichia coli: roles for FcyRIIA
and integrin «allbp3. Platelets. 2016;27(6):535-540. https://doi.
org/10.3109/09537104.2016.1148129

Lutgens E, Daemen MJAP. CD40-CD40L interactions in athero-
sclerosis. Trends Cardiovasc Med. 2002;12(1):27-32. https://doi.
org/10.1016/51050-1738(01)00142-6

Aloui C, Prigent A, Sut C, et al. The Signaling Role of CD40 Ligand
in Platelet Biology and in Platelet Component Transfusion. Int J
Mol Sci. 2014;15(12):22342-22364. https://doi.org/10.3390/ijms1
51222342

Elzey BD, Tian J, Jensen RJ, et al. Platelet-mediated modulation of
adaptive immunity: A communication link between innate and adap-
tive immune compartments. Immunity. 2003;19(1):9-19. https://doi.
org/10.1016/51074-7613(03)00177-8

Henn V, Steinbach S, Blichner K, Presek P, Kroczek RA. The in-
flammatory action of CD40 ligand (CD154) expressed on activated
human platelets is temporally limited by coexpressed CD40. Blood.
2001;98(4):1047-1054. https://doi.org/10.1182/blood.V98.4.1047
Kapur R, Semple JW. Platelets in inflammation, infection and can-
cer. ECAT Found Spec Issue. Published online. 2018;7-9.

Chapman LM, Aggrey AA, Field DJ, et al. Platelets Present Antigen
in the Context of MHC Class I. J Immunol. 2012;189(2):916-923.
https://doi.org/10.4049/jimmunol.1200580

Boggio E, Gigliotti CL, Rossi D, et al. Decreased function of Fas
and variations of the perforin gene in adult patients with primary
immune thrombocytopenia. Br J Haematol. 2017;176(2):258-267.
https://doi.org/10.1111/bjh.14248

Klatt C, Kriger I, Zey S, et al. Platelet-RBC interaction mediated
by FasL/FasR induces procoagulant activity important for thrombo-
sis. J Clin Invest. 2018;128(9):3906-3925. https://doi.org/10.1172/
JCI92077

Etulain J, Martinod K, Wong SL, Cifuni SM, Schattner M, Wagner
DD. P-selectin promotes neutrophil extracellular trap formation in
mice. Blood. 2015;126(2):242-246. https://doi.org/10.1182/blood
-2015-01-624023

Weber C, Springer TA. Neutrophil accumulation on activated,
surface-adherent platelets in flow is mediated by interaction of
Mac-1 with fibrinogen bound to allbf3 and stimulated by platelet-
activating factor. J Clin Invest. 1997;100(8):2085-2093. https://doi.
org/10.1172/JCI119742

Miajlovic H, Zapotoczna M, Geoghegan JA, Kerrigan SW, Speziale
P, Foster TJ. Direct interaction of iron-regulated surface deter-
minant IsdB of Staphylococcus aureus with the GPlIb/llla recep-
tor on platelets. Microbiology. 2010;156(3):920-928. https://doi.
org/10.1099/mic.0.036673-0

Pryzdial ELG, Lin BH, Sutherland MR. Virus-platelet associations.
In: Gresele P, Kleiman NS, Lopez JA & Page CP, eds. Platelets
in Thrombotic and Non-Thrombotic Disorders: Pathophysiology,
Pharmacology and Therapeutics: An Update. Springer International
Publishing; 2017:1085-1102. https://doi.org/10.1007/978-3-
319-47462-5_72

Youssefian T, Drouin A, Massé JM, Guichard J, Cramer EM. Host de-
fense role of platelets: Engulfment of HIV and Staphylococcus au-
reus occurs in a specific subcellular compartment and is enhanced
by platelet activation. Blood. 2002;99(11):4021-4029. https://doi.
org/10.1182/blood-2001-12-0191

https://doi.org/10.1080/20013

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

48.

49.

50.

Laboratory Hematology

Hamzeh-Cognasse H, Damien P, Chabert A, Pozzetto B, Cognasse
F, Garraud O. Platelets and infections - Complex interactions with
bacteria. Front Immunol. 2015;6:82. https://doi.org/10.3389/
fimmu.2015.00082

Stone D, Liu Y, Shayakhmetov D, Li Z-Y, Ni S, Lieber A. Adenovirus-
platelet interaction in blood causes virus sequestration to the retic-
uloendothelial system of the liver. J Virol. 2007;81(9):4866-4871.
https://doi.org/10.1128/jvi.02819-06

Chen JL, Zhou LX, Wang H, et al. Human cytomegalovirus im-
pairs megakaryopoiesis by reducing c-Mpl expression and in-
ducing apoptosis via the intrinsic pathway. Int J Clin Exp Pathol.
2017;10(5):5063-5077.

Antoniak S, Mackman N. Multiple roles of the coagulation prote-
ase cascade during virus infection. Blood. 2014;123(17):2605-2613.
https://doi.org/10.1182/blood-2013-09-526277

Barberis E, Timo S, Amede E, et al. Large-scale plasma analysis re-
vealed new mechanisms and molecules associated with the host
response to sars-cov-2. Int J Mol Sci. 2020;21(22):1-25. https://doi.
org/10.3390/ijms21228623

Terpos E, Ntanasis-Stathopoulos |, Elalamy [, et al. Hematological
findings and complications of COVID-19. Am J Hematol.
2020;95(7):834-847. https://doi.org/10.1002/ajh.25829

Lippi G, Plebani M, Henry BM. Thrombocytopenia is associated
with severe coronavirus disease 2019 (COVID-19) infections: A
meta-analysis. Clin Chim Acta. 2020;506:145-148. https://doi.
org/10.1016/j.cca.2020.03.022

Rolla R, Vidali M, Puricelli C, et al. Reduced activity of B lympho-
cytes, recognised by Sysmex XN-2000TM haematology analyser,
predicts mortality in patients with coronavirus disease. Int J Lab
Hematol. 2019;43(1):e5-e8. https://doi.org/10.1111/ijlh.13331.
Published online 2020.

Bi X, SU Z, Yan H, et al. Prediction of severe illness due to
COVID-19 based on an analysis of initial Fibrinogen to Albumin
Ratio and Platelet count. Platelets. 2020;31(5):674-679. https://doi.
org/10.1080/09537104.2020.1760230

Semeraro N, Colucci M. Endothelial Cell Perturbation and
Disseminated Intravascular Coagulation. Madame Curie Bioscience
Database. Published January 1. Austin (TX): Landes Bioscience;
2000-2013. https://www.ncbi.nlm.nih.gov/books/NBK6509/
Lillicrap D. Disseminated intravascular coagulation in patients with
2019-nCoV pneumonia. J Thromb Haemost. 2020;18(4):786-787.
https://doi.org/10.1111/jth.14781

Connors JM, Levy JH. Thromboinflammation and the hypercoag-
ulability of COVID-19. J Thromb Haemost. 2020;18(7):1559-1561.
https://doi.org/10.1111/jth.14849

. Chang JC. Acute respiratory distress syndrome as an organ phe-

notype of vascular microthrombotic disease: based on hemostatic
theory and endothelial molecular pathogenesis. Clin Appl Thromb.
2019;25:1076029619887437. https://doi.org/10.1177/10760
29619887437

Wang T, Gross C, Desai AA, et al. Endothelial cell signaling and
ventilator-induced lung injury: Molecular mechanisms, genomic
analyses, and therapeutic targets. Am J Physiol - Lung Cell Mol
Physiol.  2017;312(4):L452-L476. https://doi.org/10.1152/ajplu
ng.00231.2016

Ren LL, Wang YM, Wu ZQ, et al. Identification of a novel coro-
navirus causing severe pneumonia in human: a descriptive study.
Chin Med J (Engl). 2020;133(9):1015-1024. https://doi.org/10.1097/
CM9.0000000000000722

Lefrancais E, Ortiz-Mufoz G, Caudrillier A, et al. The lung is a site of
platelet biogenesis and a reservoir for haematopoietic progenitors.
Nature. 2017;544(7648):105-109. https://doi.org/10.1038/natur
e21706

. Yang J, Yang M, Xu F, et al. Effects of oxygen-induced lung damage

on megakaryocytopoiesis and platelet homeostasis in a rat model.


https://doi.org/10.1080/20013078.2018.1424473
https://doi.org/10.1080/20013078.2018.1424473
https://doi.org/10.1002/0471142735.im1412s109
https://doi.org/10.1155/2017/9605894
https://doi.org/10.3109/09537104.2016.1148129
https://doi.org/10.3109/09537104.2016.1148129
https://doi.org/10.1016/S1050-1738(01)00142-6
https://doi.org/10.1016/S1050-1738(01)00142-6
https://doi.org/10.3390/ijms151222342
https://doi.org/10.3390/ijms151222342
https://doi.org/10.1016/S1074-7613(03)00177-8
https://doi.org/10.1016/S1074-7613(03)00177-8
https://doi.org/10.1182/blood.V98.4.1047
https://doi.org/10.4049/jimmunol.1200580
https://doi.org/10.1111/bjh.14248
https://doi.org/10.1172/JCI92077
https://doi.org/10.1172/JCI92077
https://doi.org/10.1182/blood-2015-01-624023
https://doi.org/10.1182/blood-2015-01-624023
https://doi.org/10.1172/JCI119742
https://doi.org/10.1172/JCI119742
https://doi.org/10.1099/mic.0.036673-0
https://doi.org/10.1099/mic.0.036673-0
https://doi.org/10.1007/978-3-319-47462-5_72
https://doi.org/10.1007/978-3-319-47462-5_72
https://doi.org/10.1182/blood-2001-12-0191
https://doi.org/10.1182/blood-2001-12-0191
https://doi.org/10.3389/fimmu.2015.00082
https://doi.org/10.3389/fimmu.2015.00082
https://doi.org/10.1128/jvi.02819-06
https://doi.org/10.1182/blood-2013-09-526277
https://doi.org/10.3390/ijms21228623
https://doi.org/10.3390/ijms21228623
https://doi.org/10.1002/ajh.25829
https://doi.org/10.1016/j.cca.2020.03.022
https://doi.org/10.1016/j.cca.2020.03.022
https://doi.org/10.1111/ijlh.13331
https://doi.org/10.1080/09537104.2020.1760230
https://doi.org/10.1080/09537104.2020.1760230
https://www.ncbi.nlm.nih.gov/books/NBK6509/
https://doi.org/10.1111/jth.14781
https://doi.org/10.1111/jth.14849
https://doi.org/10.1177/1076029619887437
https://doi.org/10.1177/1076029619887437
https://doi.org/10.1152/ajplung.00231.2016
https://doi.org/10.1152/ajplung.00231.2016
https://doi.org/10.1097/CM9.0000000000000722
https://doi.org/10.1097/CM9.0000000000000722
https://doi.org/10.1038/nature21706
https://doi.org/10.1038/nature21706

90
% | wWiLEY
52.

53.

54.

55.

56.
57.

58.

International Journal of

ROLLA ET AL.

Laboratory Hematology

https://doi.org/10.1203/01.

Pediatr Res. 2003;54(3):344-352.
PDR.0000079186.86219.29
Bertolini A, van de Peppel IP, Bodewes FAJA, et al. Abnormal liver
function tests in COVID-19 patients: relevance and potential patho-
genesis. Hepatology. Published online July 23, 2020;72(5):1864-
1872. https://doi.org/10.1002/hep.31480

Zuo Y, Zuo M, Yalavarthi S, et al. Neutrophil extracellular traps and
thrombosis in COVID-19. JCI Insight. 2020;5(11):e138999. https://
doi.org/10.1101/2020.04.30.20086736

Lippi G, Plebani M. Laboratory abnormalities in patients with
COVID-2019 infection. Clin Chem Lab Med. 2020;58(7):1131-1134.
https://doi.org/10.1515/cclm-2020-0198. Published online March
3, 2020.

Gould TJ, Vu TT, Swystun LL, et al. Neutrophil extracellular traps
promote thrombin generation through platelet-dependent and
platelet-independent mechanisms. Arterioscler Thromb Vasc
Biol.  2014;34(9):1977-1984.  https://doi.org/10.1161/ATVBA
HA.114.304114

Thorpe M, Fu Z, Chahal G, et al. Extended cleavage specificity of
human neutrophil cathepsin G: A low activity protease with dual
chymase and tryptase-type specificities. PLoS One. 2018;13(4):
https://doi.org/10.1371/journal.pone.0195077

Kim JE, Yoo HJ, Gu JY, Kim HKK. Histones induce the procoagulant
phenotype of endothelial cells through tissue factor up-regulation
and thrombomodulin down-regulation. PLoS One. 2016;11(6):
https://doi.org/10.1371/journal.pone.0156763

Fuchs TA, Brill A, Wagner DD. Neutrophil extracellular trap
(NET) impact on deep vein thrombosis. Arterioscler Thromb Vasc
Biol.  2012;32(8):1777-1783.  https://doi.org/10.1161/ATVBA
HA.111.242859

59.

60.

61.

62.

63.

Fuchs TA, Brill A, Duerschmied D, et al. Extracellular DNA traps
promote thrombosis. Proc Natl Acad Sci U S A. 2010;107(36):15880-
15885. https://doi.org/10.1073/pnas.1005743107

Bellesi S, Metafuni E, Hohaus S, et al. Increased CD95 (Fas) and
PD-1 expression in peripheral blood T lymphocytes in COVID-19
patients. Br J Haematol. 2020;191(2):207-211.Published online July
17, 2020:bjh.17034. https://doi.org/10.1111/bjh.17034
Cappellano G, Raineri D, Rolla R, et al. Circulating Platelet-Derived
extracellular vesicles are a hallmark of Sars-Cov-2 infection. Cells.
2021;10(1):85. https://doi.org/10.3390/cells10010085

Koupenova M, Vitseva O, MacKay CR, et al. Platelet-TLR7 medi-
ates host survival and platelet count during viral infection in the
absence of platelet-dependent thrombosis. Blood. 2014;124(5):791-
802. https://doi.org/10.1182/blood-2013-11-536003

Barberis E, Vanella VV, Falasca M, et al. Circulating exosomes
are strongly involved in SARS-CoV-2 infection. Front Mol Biosci.
2021;8:29. https://doi.org/10.3389/FMOLB.2021.632290

How to cite this article: Rolla R, Puricelli C, Bertoni A, et al.

Platelets: "multiple choice" effectors in the immune response

and their implication in COVID-19 thromboinflammatory

process. Int J Lab Hematol. 2021;43:895-906. https://doi.
org/10.1111/ijlh.13516



https://doi.org/10.1203/01.PDR.0000079186.86219.29
https://doi.org/10.1203/01.PDR.0000079186.86219.29
https://doi.org/10.1002/hep.31480
https://doi.org/10.1101/2020.04.30.20086736
https://doi.org/10.1101/2020.04.30.20086736
https://doi.org/10.1515/cclm-2020-0198
https://doi.org/10.1161/ATVBAHA.114.304114
https://doi.org/10.1161/ATVBAHA.114.304114
https://doi.org/10.1371/journal.pone.0195077
https://doi.org/10.1371/journal.pone.0156763
https://doi.org/10.1161/ATVBAHA.111.242859
https://doi.org/10.1161/ATVBAHA.111.242859
https://doi.org/10.1073/pnas.1005743107
https://doi.org/10.1111/bjh.17034
https://doi.org/10.3390/cells10010085
https://doi.org/10.1182/blood-2013-11-536003
https://doi.org/10.3389/FMOLB.2021.632290
https://doi.org/10.1111/ijlh.13516
https://doi.org/10.1111/ijlh.13516

