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A B S T R A C T   

Platelet-leukocyte crosstalk is commonly manifested by reciprocal links between thrombosis and inflammation. 
Platelet thrombus acts as a reactive matrix that recruits leukocytes to the injury site where their massive 
accumulation, activation and migration promote thrombotic events while triggering inflammatory responses. As 
a life-threatening condition with the associations between inflammation and thrombosis, COVID-19 presents 
diffuse alveolar damage due to exaggerated macrophage activity and cytokine storms. These events, together 
with direct intracellular virus invasion lead to pulmonary vascular endothelialitis, cell membranes disruption, 
severe endothelial injury, and thrombosis. The developing pre-alveolar thrombus provides a hyper-reactive 
milieu that recruits circulating leukocytes to the injury site where their activation contributes to thrombus 
stabilization and thrombosis propagation, primarily through the formation of Neutrophil extracellular trap 
(NET). NET fragments can also circulate and deposit in further distance where they may disseminate intravas-
cular thrombosis in severe cases of disease. Thrombi may also facilitate leukocytes migration into alveoli where 
their accumulation and activation exacerbate cytokine storms and tissue damage, further complicating the dis-
ease. Based on these mechanisms, whether an effective anti-inflammatory protocol can prevent thrombotic 
events, or on the other hand; efficient antiplatelet or anticoagulant regimens may be associated with reduced 
cytokine storms and tissue damage, is now of interests for several ongoing researches. Thus shedding more light 
on platelet-leukocyte crosstalk, the review presented here discusses the detailed mechanisms by which platelets 
may contribute to the pathogenesis of COVID-19, especially in severe cases where their interaction with leu-
kocytes can intensify both inflammatory state and thrombosis in a reciprocal manner.   

1. Introduction 

As a serious challenge for health providers around the globe, rapidly 
spreading coronavirus disease 2019 (COVID-19) has been considered 
the most devastating pandemic in current decades, with no definitive 
medication or therapeutic protocol. The causative agent of the disease, 
called SARS-CoV-2, is a highly contagious respiratory virus that can 
disrupt the immune system in various ways. In patients, depending on 
the adequacy and ability of the immune response, different levels of the 
disease are observed, ranging from a mild cold-like illness to severe 
cases of acute respiratory distress syndrome (ARDS) with multi-organ 
failure (MOF) and even death [1]. Accordingly, patients are classified 

into four groups based on their clinical symptoms and disease severity, 
including mild, moderate, severe, and critical status [2,3]. Most patients 
present with mild to moderate symptoms (81%), whereas the severe and 
critical cases, which often require hospitalization, account for only 14% 
and 5% of all symptomatic patients, respectively [4]. About 20% of 
hospitalized patients may also need to be admitted to the intensive care 
unit (ICU) [5], which unfortunately has a mortality rate of more than 
50% [6]. According to studies, one of the most critical factors associated 
with disease severity and worsening the patient's clinical condition that 
leads to hospitalization in the ICU is an intense immune response known 
as Cytokine Storm Syndrome (CSS) [1,7–9]. CSS is a systemic inflam-
matory response characterized by the over-activation of alveolar 
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macrophages leading to the overproduction of inflammatory cytokines 
and chemical mediators by immune cells [10], a condition that can lead 
to multi-organ failure (MOF) if left untreated [11–15]. 

Upon exposure, the SARS-CoV-2 interacts with the respiratory target 
cells via Angiotensin-converting enzyme 2 (ACE2). Mechanistically, 
here type II alveolar pneumocytes and endothelial cells lining blood 
vessels that express high levels of ACE2 are primarily involved with 
SARS-CoV-2, triggering the first rapid pro-inflammatory responses in the 
lower respiratory tract. In fact, type II pneumocytes are epithelial im-
mune cells that also express high levels of Toll like receptor-7 (TLR7) 
and TLR8, which turn them into specialized virus responders. When 
these receptors interact with viruses or viral RNA, pneumocytes become 
activated and produce large amounts of pro-inflammatory cytokines and 
chemokines, including interferon-β (IFN-β), tumor necrosis factor-α 
(TNF-α), interleukin-6 (IL-6), IL-1β, monocyte chemo-attractant protein- 

1 (MCP-1), IL-8, granulocyte-monocyte colony-stimulating factor (GM- 
CSF), and IL-12 [16,17]. On the other hand, when the virus enters 
endothelial cells, the ACE2 receptor is down-regulated, and thus 
imbalancing ACE/ACE2 ratio leads to the amplification of TNF-α and 
soluble IL-6 receptors [18]. These events associated with pneumocytes' 
cytokines release eventually activate other hyper-inflammatory signals, 
which cause neutrophils, monocytes, and T cells infiltration into lung 
tissue [19–22]. Most importantly, the chemokine slope induced by MCP- 
1 and IL-8 forces monocytes/macrophages and pro-inflammatory neu-
trophils to chemotaxis in the lungs. In their path, they accumulate near 
the capillary bed, from where they migrate to the alveolar space and 
play a role in cytokine production, microthrombi formation, and cell 
damage [1,23–25]. In such a milieu, T-helper type 1 (Th1) lymphocytes 
promote the proliferation of inflammatory monocytes and macrophages 
by secreting large amounts of IFN-γ, and GM-CSF while on the other 

Fig. 1. Platelet leukocyte crosstalk in COVID-19 a mutual link between thrombosis and inflammation. 
A) Alveolar phase: SARS-CoV-2 invasion to type II peneumocyte induces cytokine release (1). These cytokines and the direct interaction of the virus with tissue- 
resident monocyte/macrophage turn them into a hyper-inflammatory phenotype with exaggerated activity that contributes to cytokine storms and tissue damage 
(2). The crosstalk between activated macrophage and other immune cells supports a robust “cytokine storm syndrome” in severe case of disease (3). On the one hand, 
under the influence of such an inflammatory milieu, exhausted NK cells (4) fail to eradicate infected macrophage, while on the other hand, the infected cells that 
express lower MCH class I, also evade from recognition by cytotoxic T cells. Under such a condition, hyper-activated macrophages freely contribute to tissue damage 
and vascular injury either by releasing ROS (5) and other toxic agents or by inducing NETs formation (6). These are events that link COVID-19-induced inflammatory 
responses to vascular thrombotic events. 
B) Intravascular phase: Endothelitis due to direct invasion of SARS-CoV-2 or indirect damage by macrophages and hyperinflammatory condition may cause injury in 
adjacent alveolar vessels where the platelets recruitment creates a reactive thrombus attracting leukocytes (1). The recruited leukocytes may migrate to the alveolar 
tissue through the thrombus (2), or release the extracellular traps in a low shear pocket that propagate thrombosis (3). Cytokine milieu orchestrated by hyper- 
inflamed or damaged alveolar tissue, may also urge adjacent endothelium to express inflammatory molecules and receptors, which recruit circulating leukocytes 
(4). Produced NETs on endothelium or thrombi may be released from their original site and disseminated while their deposition at greater distances can create 
secondary foci of thrombosis (5). In severe condition of disease, blood-borne viruses may also directly affect circular platelets and leucocytes while causing their 
activation (6). Abbreviations: Th1: T-helper cell type 1; NK: natural killer cell; TC: cytotoxic T cell; MQ: macrophage; NET: neutrophil extracellular trap; ROS: 
reactive oxygen species. 
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side, considerable production of IL-6, TNF-α, and other cytokines by 
activated CD14 + CD16+ inflammatory macrophages contribute to 
cytokine storms (Fig. 1) [26]. In addition, the accumulation of these 
hyper-activated macrophages in close proximity of capillary bed with 
the massive release of cytotoxic materials, including reactive oxygen 
species (ROS), can aggravate pulmonary vascular endothelialitis, which 
is already triggered by SARS-CoV-2-induced direct damages on endo-
thelial cells [27–29]. Once an injury occurs, subsequent exposure of the 
sub-endothelial matrix to circulation establishes platelet aggregation 
and thrombus formation linking inflammatory and thrombotic events. 
On the other hand, cytokine storms per se may enhance platelet acti-
vation state, further potentiating thrombotic events. Platelets activated 
on thrombi can also recruit leukocytes to the injury site, a cytokine 
milieu in which neutrophils are highly stimulated by reacting with 
platelets and eventually releasing their chromatin as neutrophil extra-
cellular traps (NETs) [1,30–32]. These highly pro-coagulant materials 
propagate thrombosis, while the release of circulating NETs and their 
deposition in distant inflamed vessels may cause disseminated intra-
vascular thrombosis (DIC), as already seen in severe cases of COVID-19 
patients with evident CSS [33] (Fig. 1). These are the mechanisms that 
can associate COVID-19 with thrombosis and thromboembolism during 
a cytokine storm, a serious complication that is considered an important 
risk factor for predicting a poor prognosis. 

Notwithstanding the foregoing, whether platelet activation state and 
thrombotic events can also feedback on cytokine storms, which exac-
erbate the disease severity and complexity, is another important topic to 
be discussed here. This hypothesis is based on the fact that as an 
important source, activated platelets release vast arrays of cytokines, 
chemokine, and chemo-attractants that can not only quantitatively raise 
cytokine levels but can also develop the condition of CSS by the 
increasing effects on other immune cells involved in cytokine produc-
tion. On the other hand, as depicted in Fig. 1, the fact that alveolar 
thrombosis can serve as a gateway for a wide range of leukocytes to 
migrate to the lung tissue and thus actively accumulate in the center of 
the infection is also important, as this increased load of inflammatory 
cells may also play a significant role in worsening the prognosis of the 
disease. 

Therefore, due to the importance of thrombotic events in developing 
poor clinical outcomes that can lead to increased mortality in compli-
cated cases of COVID-19, the review presented here focuses on different 
mechanisms by which mutual interaction of platelet and leukocyte in-
volves exacerbating cytokine storms, worsening thrombotic and in-
flammatory condition. 

2. Mechanisms by which SARS-CoV-2 can cause endothelial 
injury leading to thrombo-inflammation 

Histological analysis has demonstrated endothelial apoptosis in 
SARS-CoV-2 infection. This is also confirmed by autopsy case studies 
that showed the association of pulmonary endothelial injuries with 
intracellular virus penetration leading to endothelium disruption in 
COVID patients [34,35]. These evidences support that the direct inva-
sion of SARS-CoV-2 can cause endothelial injury in patients leading to 
diffuse pre-alveolar thrombosis as shown by several groups [36]. How-
ever, in severe cases of disease the widespread endothelial dysfunction 
and endotheliitis may also cause leukocyte recruitment which triggers 
inflammatory responses that can be associated with more generalized 
micro-thrombotic complications including deep vein thrombosis (DVT), 
pulmonary embolism (PE) and stroke [37]. In addition, the co- 
localization SARS-CoV-2-specific antigens with different components 
of complements (including C4d and C5b-9) within the thrombosed ar-
teries also highlights the key role of virus-dependent activation of this 
cascade in the induction of endothelial injury and its subsequent 
thrombosis [38]. These are in addition to the indirect involvement of 
SARS-CoV-2 infection in thrombosis which is mediated by cytokine 
milieu in infected alveoli that attracts leukocytes to infiltrate in close 

proximity of surrounding vascular beds where the leukocytes, especially 
agitated macrophages [39] and neutrophils [40] damage blood lining 
integrity through their proteolytic released materials, ROS generation 
and complement activation while progressing the endothelial injury and 
thrombosis. More specifically, in an experimental model, the infection of 
human umbilical vein endothelial cells (HUVECs) with SARS-CoV-2 
promoted mitochondrial dysfunction which manifested by increased 
levels of superoxide anion, mitochondrial membrane potential, and 
mitochondrial DNA (mtDNA) release as the major signals that trigger 
activation of TLR9 and NF-κB leading to endothelial cell dysfunction, 
inflammatory responses and cytokines releases. Notably, this study also 
showed the extracellular release of mtDNA by infected endothelial cells, 
an important DAMP that plays a key role in disseminating inflammatory 
immune response and cytokine release by TLR9-dependent mechanisms. 
On the other hand, in this model, SARS-CoV-2 infection was also asso-
ciated with decreased levels of nitric oxide synthase (eNOS) expression 
[41] as key enzyme that generates NO to maintain the quiescent state of 
endothelium with anti-inflammatory, antithrombotic and antioxidant 
function [42]. Therefore, the diminished level of NO induced by SARS- 
CoV-2 invasion can aggravate endothelial lesion. Most recently, Robles 
et al. has shown that the interaction of spike protein through its RGD 
motif with integrin ⍺5β1 expressed on endothelial cells can also activate 
its downstream NF-κB target gene expression programs responsible for 
vascular leakage and leukocyte adhesion [43]. This is another way by 
which SARS-CoV-2 directly induces endothelial cell dysfunction leading 
to vascular inflammation and thrombotic events in COVID-19. 

3. Mechanisms by which SARS-CoV-2 propagates thrombosis 
through the induction of platelets activation 

3.1. Direct mechanism 

3.1.1. Virus interaction with platelets and its possible effect on modulating 
of thrombotic events 

It has been recently discovered that during infections, platelets play 
an active role in immune responses against various pathogens. It is 
believed that when a virus enters the bloodstream, abundant platelets 
can be at the forefront of neutralizing viral particles and initiating pri-
mary immune responses [44]. So far, several lines of evidence have 
shown that some surface molecules, including integrin αIIb/β3, collagen 
receptor glycoprotein (GP) VI, complement receptor 2 (CR2), TLRs, 
lectins such as dendritic cell-specific intercellular adhesion molecule-3- 
grabbing non-integrin (DC-SIGN) or C-type lectin-domain family-2 
(CLEC-2), as well as several chemokine receptors can mediate direct 
binding of platelets to viruses including adenovirus, influenza, HIV and 
dengue virus [45,46]. The interaction of SARS-CoV-2 with platelets is 
also thought to control platelet-mediated immunity while increasing the 
risk of thrombotic events and coagulation dysfunction in COVID-19 
[47]. It is noteworthy that since platelets are not naturally leave 
bloodstream, this direct interaction can occur only in severe cases of 
disease associated with the viremia, a condition that directly exposes 
SARS-CoV-2 to circulating platelets [31,48]. As depicted in Fig. 2, the 
following are the main molecules that have been proposed as SARS-CoV- 
2 platelet receptors. 

3.1.1.1. Angiotensin-converting enzyme 2 (ACE2). So far, ACE2 has been 
identified as a potential receptor for SARS-CoV-2 binding and entry into 
cells. In addition to ACE2, transmembrane serine protease-2 (TMPRSS2) 
is also required to facilitate virus entry into the cells (Fig. 2, section A). 
In fact, this enzyme cleaves the spike protein (S) on SARS-CoV-2 to allow 
viral and cell membranes to be fused well [49]. However, the expression 
of ACE2 and TMPRSS2 in platelets and megakaryocytes has not yet been 
fully elucidated. Since earlier studies found no evidence of ACE2 or 
TMPRSS2 expression in human platelets [47,50–52], it has been sug-
gested that SARS-CoV-2 may react with platelets through ACE2- 
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independent mechanisms to possibly enter platelets. Nevertheless, a 
recent challenging discovery by Zhang et al. that indicates the expres-
sion of ACE2 and TMPRSS2 on platelets may change this theory [31]. 

3.1.1.2. CD147. In another scenario, CD147 was also introduced as an 
alternative receptor for SARS-CoV [53], SARS-CoV-2 [54,55], HIV-1 and 
measles viruses to enter the cell [56,57]. This is interesting because in 
people more vulnerable to COVID-19, including men (compared to 
women) or patients with asthma, chronic obstructive pulmonary disease 
and obesity, the expression of CD147 is higher, which may indicate a 
specific role for this molecule in virus infectivity [58]. CD147 or 
extracellular matrix metalloproteinase inducer (EMMPRIN) is a glyco-
protein from the immunoglobulin superfamily which is widely 
expressed on blood cells while also existing as soluble biologically active 
molecule [58,59]. CD147 homotypic interactions play different roles in 
normal development and pathological conditions including viral 

infections, Alzheimer's disease, cancer, and ischemia [60]. RNA-seq and 
proteomic analysis revealed that CD147 is highly expressed on platelets 
(approximately 2000 copies per cell) [61,62] and can potentially in-
teracts with GPVI, the central collagen receptor [63]. CD147 is generally 
recognized as a pro-inflammatory and pre-thrombotic molecule in the 
context of thrombo-inflammation, which enhances platelet activation 
and adhesion, leukocyte chemotaxis, and subsequent thrombus forma-
tion through the binding of multiple molecules [64]. Activated platelets 
express CD147 while its homotypic interactions induce platelet 
degranulation and release. On the other hand, platelet-expressed CD147 
can activate nuclear factor κB (NF-κB) pathway in monocytes, resulting 
in the generation of metallo-matrix protease (MMP), specially MMP-9, 
and cytokines release (including IL-6, TNF-α, and IL-10), which can 
mutually enhance atherosclerosis and inflammation following mono-
cyte–platelet interaction [59]. In vivo, CD147 improves plate-
let–monocyte interaction and promotes monocyte recruitment to the 

Fig. 2. Different Pathways of platelet activation in COVID-19. 
A) Direct interaction of virus with platelets: The SARS-CoV-2 - may engage with platelet receptors such as ACE2 and CD147 and activate various intracellular signaling 
pathways. Platelets also endocytose SARS-CoV-2 or its RNA, creating an inflammasome in which the AKT and P38-MAPK pathways are activated when SARS-CoV-2 
RNA interacts with TLR7. Followed by TLR7 engagement with virus RNA, an adaptor protein, MYD88, activates other adaptor proteins such as IRAK1, IRAK4, TRAF6 
(that activate AKT and P38-MAPK pathways), and TAK1, IKK, SNAP-23 (that lead to C3 release and C3-induced NETosis). Generally, these activating pathways lead 
to enhanced expression of P-selectin and CD40L, increased platelet-leukocyte interactions and PLAs formation. B). The effect of cytokine storms on platelets: Over-
expression of inflammatory cytokines such as IL-6, IL-1, and TNF-α may activate jak2/STAT3 and its cross-talk with GPVI/collagen signaling, P38/MAPK, and NF-κB, 
respectively, leading to platelet hyperactivation. C) SARS-CoV-2-induced tissue/endothelial damage: DAMPs and mt-DNA released by damaged tissues and endothelial 
cells are sensed with TLR4 and TLR9 and activate NF-κB/PKC-ERK and IRAK1/PI3K-AKT respectively, leading to platelet activation D). Leukocyte-induced platelet 
activation: Leukocytes may activate platelets through their released mediators. Here, in a conserved milieu, leucocyte derived NET components and cathelicidin 
(interacting with TLR2, 4, and GPVI, respectively), chemokines/chemoattractants (particularly PAF interacting with GPCRs) as well as ROS and proteolytic enzymes 
(that induce the generation of fibrin interacting with GPVI), promote platelet activation and pro-coagulant function. 
Abbreviations: ACE2: Angiotensin-converting enzyme-2; AKT: protein kinase B; GPCRs: G protein–coupled receptors; IKK: IκB kinase; IRAK: Interleukin-1 receptor- 
associated kinase; JAK: Janus kinase; JNK: c-Jun N-terminal kinase (a major signaling cassettes of MAPK signaling pathway); MAPK: mitogen-activated protein kinase 
(MAPK) MYD88: Myeloid differentiation primary response 88; NET: neutrophil extracellular trap; NF-κB: nuclear factor-kB; PAF: platelet activating factor; PLA: 
platelet-leukocyte aggregations; PLC: phospholipase C; PKC: Protein kinase C; ROS: reactive oxygen species; SNAP-23: Synaptosomal-associated protein 23; Src: 
sarcoma virus tyrosine kinase; SYK: spleen tyrosine kinase; TAK: transforming growth factor-β-activated kinase; TLR: toll like receptor; TNF: tumor necrosis factor; 
TRAF: Tumor necrosis factor receptor–associated factor. 
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vascular wall [65]. Thus, taking into account the role of this molecule in 
SARS-CoV-2-induced platelet activation, Zhang et al. have suggested 
that this virus can increase P-selectin expression, CD40L release, and 
platelet aggregation through direct interaction between its spike protein 
and CD147 [55,59,63]. This research is in line with other studies sug-
gesting that the PI3K/AKT signaling downstream of CD147 could be 
considered as a possible pathway of platelet activation by SARS-CoV-2 
[66,67]. 

3.1.1.3. Glucose-regulated protein 78. Glucose-regulated protein 78 
(GRP78) is another platelet surface molecule that, due to its ability to 
bind to spike protein [47], may be involved in platelet contamination by 
SARS-CoV-2 [68–72]. This molecule contributes to critical protein 
folding in the endoplasmic reticulum (ER), from where it is translocated 
to the cell surface under pathophysiological conditions. Surface GRP78 
functions as a co-receptor for viral entry while also interacting with 
numerous signaling molecules [73–75]. Previous research has shown 
that when the ER is stressed by viral infections, GRP78 overexpression 
and its subsequent internalization may be involved in the entry of vi-
ruses (such as Bat Coronavirus, MERS-CoV, Ebola Virus, Dengue Virus, 
Japanese Encephalitis Virus, Influenza Virus, and Zika Virus) into the 
host cell. Notably, both GRP78 expression and its serum levels have been 
shown to increase significantly during SARS-CoV infection [76–79]. 

3.1.1.4. Toll-like receptors (TLRs). TLRs are other important receptors 
that have been shown to interact with pathogen-associated molecular 
patterns (PAMPs) including viral antigens and their genomic materials. 
So far, different types of TLRs including TLR1, 2, 3, 4, 6, 7, and 9 have 
been reported to be functionally active in platelets, of which TLR4 is the 
best characterized surface PRRs on platelets and mainly involved in the 
interaction with gram-negative bacteria and their released components 
as well as in sepsis-dependent thrombosis [80]. In this regards, activa-
tion of TLR4 on platelets by PAMPs (sepsis, viraemia and LPS) induces a 
prothrombotic and proinflammatory state [81], which provides a po-
tential explanation for the thrombotic events observed in COVID-19 
patients. Especially, since computationally the spike protein binds 
more strongly to TLR4 than ACE2 [82], and also if COVID-19 has a 
secondary bacterial infection (which accounted for 10% of ICU patients 
in one study [1], TLR4 may react strongly with substances released from 
gram-negative bacteria, especially LPS, which may exacerbate throm-
bosis in these patients [83]. 

In addition to platelet-virus interaction, which occurs through sur-
face receptors binding to antigens, platelets also express endosomal 
TLRs which can react with viral genomic materials including free RNA 
or DNA [84]. In platelets, endosomal TLR7 and 9 can sense ssRNA 
(single-stranded RNA) viruses and unmethylated CpG DNA, respectively 
[85]. In human platelets, the primary response to viral single-stranded 
RNA (ssRNA) is often mediated by the interaction of TLRs with endo-
cytosed virions or their genomic materials. Although platelets can 
directly endocytose free ssRNA, internalization of virus-carrying endo-
lysosomes and acidic pH also degrade endocytosed virions so that their 
ssRNA can be delivered to TLR7 [44,84,86]. Followed by ligand inter-
action, TLR7 signaling activates the protein kinase B/AKT via a MyD88-, 
Akt-, IRAK4-, IKK-involved pathway [84] as well as P38-mitogen- 
activated protein kinase (P38-MAPK) pathways, which results in the 
release of platelet α-granules, increased expression of P-selectin and 
CD40L, complement C3 release, platelets-mediated neutrophil DNA 
release, and platelet-leukocyte aggregations (PLAs) formation in pa-
tients [44,86]. The limited presence of SARS-CoV-2 RNA in the blood 
circulation has been reported in some patients with COVID-19 [87]. Like 
other viruses, several lines of evidence have shown that the TLR3, TLR7, 
and TLR8 receptors can also sense the SARS-CoV-2 viral ss-RNA [88]. 
This is important evidence that suggests similar pathways for platelet 
activation induced by the interaction of SARS-CoV-2 genomic material 
and TLRs. Fig. 2, section A has depicted how TLR4 and TLR7 sense intact 

SARS-CoV-2 and its ssRNA respectively, while activating platelets 
through down-stream signaling pathways. 

In this regard, the MAPK cascade is an important platelet signaling 
pathway which is significantly affected by COVID-19 [50]. The role of 
MAPK in platelet activation and thrombosis is well established. Manne 
et al. showed upregulated phosphorylation of ERK1/2, P38, eIF4E, and 
JNK of MAPK pathway in platelets obtained from patients with severe 
COVID-19 hospitalized in ICU, indicating extreme activation of the this 
signaling pathways in COVID-19 [31,50]. Furthermore, it has been 
suggested that MAPK signaling induces thromboxane production in 
COVID-19 patients by phosphorylation and activation of cytoplasmic 
phospholipase A2 as a key enzyme which regulates thromboxane pro-
duction [89]. In addition, it seems that increased MAPK activation in 
COVID-19 can also be due to elevated the Janus kinase-3 (JAK3) ac-
tivity, which is known to act upstream of the MAPK pathway. Increased 
phosphorylation of other enzymes in platelets such as protein kinase C-δ 
(PKC-δ) has also been reported in COVID-19, which may highlight the 
important role of other signaling pathways in the induction of platelet 
activity [52]. 

3.2. Indirect mechanisms 

3.2.1. The effects of CSS syndrome on platelet activation state and 
thrombotic events 

In severe cases of infectious disease including COVID-19, an over- 
activation of inflammatory immune response, mainly described as 
“macrophage activation syndrome”, induces unleashed cytokine storms 
which result in subsequent immune exhaustion leading to severe clinical 
manifestations of diseases [90]. In COVID-19, CSS is an acute systemic 
inflammatory condition characterized by fever and multi-organ 
dysfunction [15]. Over-expression of MCP- 1, IFN- γ, IL-6, TNF-α, GM- 
CSF, and IL-1β have been identified in patients with a severe COVID- 
19 (ICU patients) [1,31,90–94]. This exaggerated inflammatory 
response also dramatically activates Th1 cells which are involved in 
subsequent specific immune reaction [1,95]. 

In such a condition, inflammatory cytokines produced in large 
quantities by pneumocytes, endothelial cells, and leukocytes may act as 
potent triggers for platelet activation [31]. This is somewhat supported 
by the simultaneous observation of activated platelets (manifested with 
increased P-selectin and CD63 expression) and cytokine storms in pa-
tients with severe COVID-19 (ICU patients), especially since even in in 
vitro, the plasma of these patients can activate the platelets of healthy 
individuals [30]. In this regard, from mechanistic point of view, IL-6 
appears to be a key cytokine driving platelet hyper-reactivity in 
COVID-19 [19]. Two molecules carry out IL-6 biological activities 
include the IL-6 receptor (IL-6R) and the membrane-bound β-receptor 
glycoprotein 130 (gp130) [96–98]. Platelets express gp130 on their 
membranes at rest condition and the platelet-derived IL-6 trans- 
signaling has suggested to be involved in both thrombogenicity [99] 
and inflammatory responses within a damaged vessel [100]. It has been 
also shown that IL-6 can potentiate GPVI-dependent platelet activation 
where IL-6 treated platelets demonstrated higher levels of convulxin- 
induced P–selectin expression and αIIbβ3 activation than those of 
vehicle controls. Fig. 2, section B depicted the cross-activations between 
IL-6, GP130, Janus tyrosine kinase 2 (JAK2), signal transducer and 
activator of transcription 3 (STAT3) and collagen receptor GPVI, that 
potentiate platelet activation through the Syk/phospholipaseCγ2 
(PLCγ2) pathways [101,102]. 

IL1-β is another key cytokine produced during COVID-19, and has 
been shown to activate platelets. IL-1β increases platelet activation and 
stimulates inflammatory platelet function. On IL1-β stimulation, the 
induction of p38/MAPK signaling pathway induces platelet activation 
and its pro-inflammatory function that contributes to the development 
of thrombosis. IL1-β also stimulates and increases platelet adhesion to 
different matrices [103]. 

Elevated TNF-α level may also regulate thrombotic events via 
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megakaryocyte reprogramming and platelet activation. TNF-α causes 
molecular and metabolic changes in megakaryocyte and platelets 
respectively. Exposure to TNF-α promotes platelet hyperreactivity and 
increased mitochondrial mass. Thereby, affecting resident megakaryo-
cytes in the bone marrow, the increased TNF-α level may significantly 
induce megakaryopoiesis and thrombopoiesis, leading to the production 
of hyper-reactive platelets [104]. This is evidence that can partly attri-
bute the thrombogenic capacity of COVID-19 to the observed increase in 
TNF-α production during SARS-CoV-2 infection. Besides, a cohort study 
by Jorge et al. has also showed a direct correlation between elevated 
levels of IL-8 and increased severity of COVID-19 [105]. This is in line 
with some previous evidence that IL-8 induces platelet activity, which 
can lead to pro-coagulant function [106]. However, a direct association 
between elevated levels of this cytokine and the risk of thrombotic 
complications in COVID-19 patients has not yet been reported. Fig. 2, 
section B summarized different signaling pathways by which IL1-β and 
TNF-α can modulate platelet functional activity including adhesive ca-
pabilities [107,108]. 

3.2.2. The effects of damage-associated molecular patterns (DAMPs) on 
platelet activation state and thrombotic events 

During infections, platelets in addition to recognizing pathogen- 
associated molecular patterns (PAMPs), also sense various components 
derived from infected tissue, known as damage-associated molecular 
patterns (DAMPs), by pattern recognition receptors (PRRs) [85]. DAMPs 
include a range of different molecules with various properties, from 
proteins, enzymes and genomic materials, etc., the most studied of 
which are high mobility group box 1 (HMGB1), heat shock proteins 
(HSPs) and mitochondrial DNA (mt-DNA) released from dying or lytic 
cells during host tissue injury or viral infection [83,109]. Platelets ex-
press different families of PRRs including TLRs (Toll-like receptors), 
CLRs (C-type lectin receptors), and NLRs (NOD [nucleotide-binding 
oligomerization domain]-like receptors) of which C-type lectin re-
ceptors DC-SIGN (dendritic cell–specific intercellular adhesion 
molecule-3-grabbing nonintegrin) and CLEC-2 (C-type lectin-like re-
ceptor 2) are mostly involved in the recognition of DAMPs [85]. How-
ever, in COVID-19, among all PRRs, TLR4 interaction with DAMPs and 
its down-stream activating signals into platelets (possibly through NF-κB 
or PKC/ERK activation [80], is suggested to be the most prominent route 
for induction of thrombotic complications manifested as myocardial 
infarction and embolism [83]. On the other hand, from endosomal 
platelet TLRs, TLR9 which typically senses dsDNA from bacteria or vi-
ruses can also recognize and interact with mt-DNA as an impotent DAMP 
molecule while activating platelets mainly through NF-κB [110] or 
signaling via a MyD88-, Akt-, IRAK4-, IKK-involved pathway [84]. 
Therefore, since SARS-CoV-2 invasion, especially to endothelial cells, 
causes cell damage and mt-DNA release [41], in COVID-19 patients 
these DAMP molecules may also play an important role in platelet 
activation and thrombosis. Fig. 2, section C summarized different 
pathways by which DAMPs associated with SARS-CoV-2 tissue damage 
may activate platelets and play a role in thrombotic events. 

4. Leukocyte-dependent mechanisms of platelet activation in 
COVID-19 

4.1. Neutrophil activation by SARS-CoV-2 and its direct effect on platelet 
function 

4.1.1. Neutrophil activation in COVID-19 
As key players in innate immunity, neutrophils are the first cells to be 

recruited in the infected area. The pathophysiology of severe forms of 
COVID-19 is associated with changes in the abundance, phenotype, and 
function of neutrophils. Following SARS-CoV-2 infection, induction of 
high levels of granulocyte-colony stimulating factor (G-CSF) by stimu-
lation of emergency granulopoiesis [111] increases neutrophils in the 
bloodstream and nasopharyngeal area [112] and eventually spreads 

these cells through the lungs [113]. An increase in blood neutrophil 
count is also considered as a clinical symptom of COVID-19 [114–116]. 
In COVID-19 patients, neutrophilia predicts poor outcomes, and there-
fore an increased neutrophil to lymphocyte ratio (NLR) can be an in-
dependent risk factor for severe disease [31,92]. In response to cytokine 
storms following SARS-CoV-2 infection, circulating neutrophils are 
activated, resulting in a complex set of receptors and adhesion molecules 
expressed on their surface [117]. Chemotactic gradient induced by the 
chemokine (C-X-C motif) ligand 8 (CXCL8 [IL-8]), CXCL1 (Gro-α), 
CXCL2 (Gro-β), chemokine (C–C motif) ligand 3 (CCL3 [MIP-1-α]), and 
CCL2 (MCP1) drive circulating CXCR1 + CXCR2+ neutrophils migration 
into the lungs and perhaps other tissues [118–120]. Binding of these 
chemokines not only directs the distribution of neutrophils but also 
activates them [121]. In response to gradient, rolling neutrophils may 
leave the vessels and migrate into the infected tissue through interaction 
with inflamed endothelium expressing P-selectin and other inflamma-
tory molecules [105], the endothelium itself being affected either by 
direct infection or cytokines storm (Fig. 1) [19]. Although these neu-
trophils mainly contribute to cellular crosstalk and immunity by their 
released pro-inflammatory chemokines/cytokines, these tissue resident 
fully activated cells also release ROS [122], different range of proteolytic 
enzymes and other proteins with antimicrobial and inflammatory 
functions that, in addition to their antiviral effects, can cause significant 
damage to the lungs, arteries and other organs [111]. Viruses and pro- 
inflammatory cytokines such as TNF-α and IL-8 can also drive neutro-
phils to release NETs [123–125]. NETs are composed of extracellular 
DNA fibers that contain histones and granule-derived enzymes such as 
MPO (myeloperoxidase) and elastase [126]. Once neutrophils enter lung 
tissue, SARS-CoV-2 can bind to them directly via the ACE2 receptor. The 
ACE2/TMPRSS2 pathway is required for SARS-CoV-2 entry and 
neutrophil NET release [33]. TLR-7 may also be involved in a molecular 
mechanism by which this intracellular sensor helps detect single- 
stranded RNA generated by intracellular replication of SARS-CoV-2 
[127]. Although neutrophil NET formation is originally considered as 
an innate defense mechanism against pathogenic invaders, its exagger-
ated formation in the lungs by overactive leukocytes may cause cellular 
apoptosis, tissue damage and fibrosis due to destructive effects of 
released DNA, histones and granular proteins (such as MPO) [128,129]. 
In this regard, it is thought that higher levels of NETs released by 
circulating and lung-infiltrating neutrophils in patients are directly 
related to the severity of COVID-19. This is also supported by the 
observation of higher levels of NET biomarkers (MPO-DNA and cit-
rullinated histone H3 complexes) in patients with severe disease 
(admitted to the ICU) than in those with mild disease [130,131]. In 
addition, under circulatory conditions, due to pro-coagulate and pro- 
inflammatory nature of released NETs, as wells as its toxicity that cau-
ses endothelial activation/damage, a strong link between COVID-19- 
associated NETs formation and immune-thrombosis has also been dis-
cussed, which may increase the complexity of the disease [130]. 
Consequently, NETs and its components are likely to be considered as 
indicators of severity and the progression of disease in COVID-19 
patients. 

4.1.2. Neutrophil-induced platelet activation 
As shown in Fig. 2, section D, neutrophil contributes to platelet 

activation by releasing a wide array of substances, including ROS, che-
mokines, and chemo-attractants especially platelet activating factor 
(PAF), as well as proteolytic enzymes such as elastase and cathepsin G 
[132–135], which induce fibrin generation on the thrombi, linking pro- 
inflammatory responses to pro-coagulant state [136,137]. In addition, 
NETs formation by activated leukocyte acts as a critical link between 
inflammation and thrombosis. NETs can be involved, directly or through 
platelet activation, in initiating and increasing thrombogenic events in 
various diseases [32]. As shown in Fig. 1, it has been suggested that, 
NETs act as a scaffold for platelet adhesion, propagating thrombus for-
mation and pro-coagulant function [138–140]. Histones in NETs 
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activate platelets by binding to TLRs [141–143]. Antimicrobial com-
pounds in the NETs, such as cathelicidin (LL-37), can also activate 
platelets via GPVI, resulting in neutrophil-platelet aggregates (Fig. 2, 
section D) [144,145]. In the vasculature, deposited NETs can disrupt 
endothelial integrity, causing inflammation and injury on endothelium, 
where in turn, platelets recruitment and activation, provoke aggregation 
[139] and coagulation via the activation of factor XII [146,147]. As 
shown in Fig. 1, circulating NET components (citrullinated histone H3, 
cell-free DNA and neutrophil elastase) may also deposit in distant ar-
teries and vessels, leading to thrombosis through endothelial cell 
destruction and platelet aggregation [130]. 

Recent research has found an association between circulating NETs 
and COVID-19 and their role as a prognostic indicator of disease 
[130,148]. Studies have shown increased levels of NET-forming markers 
such as circulating DNA and citrullinated histone H3 in patients with 
COVID-19 [148]. In these patients, high levels of NET markers are 
associated with widespread inflammation, cytokine release, and 
thrombosis [149]. The evidence of NETs co-localization with platelet 
(staining with platelet factor 4 [PF4]) in addition to increased levels of 
soluble platelet-derived factors (including PF4 and regulated upon 
activation, normal T-cell expressed and secreted [RANTES]) that elicit 
NETosis, as well as elevated platelet-neutrophil aggregates in COVID-19 
patients, support an important role for this platelet/NET positive- 
feedback loop in the pathogenesis of thrombosis in these patients 
[150,151]. 

On the other hand, in severe cases of disease, excessive NETs gen-
eration may lead to the vascular deposition of their aggregates that 
damage the tissues by the occlusion of vessels and ducts. This is 
important evidence to suggest that NET formation and aggregation may 
be one of the causes of multi-organ damage in COVID-19 [148]. This is 
in line with previous researches that indicate circulating NETs and their 
toxic degradation compounds are elevated in patients suffering from 
transfusion-associated acute lung injury [152]. 

4.2. Monocyte activation by SARS-CoV-2 and its direct effect on platelet 
activation 

The pathogenesis of SARS-CoV-2 is mainly related to the phenotypes 
and functions of macrophages including those which derived from 
migrating monocytes or tissue resident macrophages in lung and other 
organs. Upon infection, tissue resident alveolar macrophages bind to 
SARS-CoV-2 via the interaction between their lectin-like receptors, such 
as CD169 [153], or ACE2 receptor and the S protein [154]. Inflamma-
tory gradient induced by the invasion of SARS-CoV-2 strongly attracts 
blood monocytes (as precursor of recruited tissue macrophages) to the 
site of infection in lung, where they differentiate into pro-inflammatory 
alveolar macrophages (AMs) under inflammatory conditions [155,156]. 
AMs expand to alveolar cavities in severe COVID-19, forming a mixed 
infiltrate with neutrophils and lymphocytes [154]. Monocyte-derived 
and resident AMs are highly prone to polarize to pro-inflammatory M1 
phenotype during the early stages of ARDS [157,158]. ROS and several 
pro-inflammatory cytokines, including IL-1β, IL-6, IL-18, MCP-1, MIP-2, 
and TNFα are released by M1-polarized AMs [159,160]. This systemic 
inflammatory reaction, which results from massive macrophage acti-
vation, and is called “macrophage activation syndrome” (MAS), plays a 
key role in SARS-CoV-2-associated complications including ARDS 
[161–163]. In general, the levels of peripheral monocytes (including 
CD14 + CD16++ and intermediate pro-inflammatory CD14++CD16+
subpopulations with increased production of IL-6) were also signifi-
cantly higher in patients with COVID-19, particularly in those who 
developed ARDS. Notably, relative counts of pro-inflammatory mono-
cytes in patients with severe COVID-19 increases to 45% of total blood 
monocytes. (Compared with 1–5% in healthy individuals). This finding 
emphasizes the critical role of monocytes in the generalization of the 
inflammatory responses caused by SARS-CoV-2 [164]. 

In addition to chemokine gradient induced by the invasion of SARS- 

CoV-2, two antimicrobial compounds in NET known as cathepsin G and 
cathelicidin cause monocytes recruitments into the infection site [165]. 
Cathelicidin-related antimicrobial peptides (CRAMP) are widely 
distributed in NETs. CRAMP is an antimicrobial polypeptide found in 
neutrophil secondary granules that increases monocyte uptake by 
creating an anchor on endothelial cells [166]. 

On the other hand, NETs also induce macrophage hyper-activation 
and their over-production of pro-inflammatory cytokines that facilitate 
Th1 cell differentiation under severe inflammatory condition [167,168]. 
Actually, NETs internalization and degradation by macrophages signif-
icantly promote the release of pro-inflammatory cytokines 
[167,169,170]. For example in Behçet's disease, NETs stimulate mac-
rophages to produce IL-8 and TNF-α, two important pro-inflammatory 
cytokines in BD [171]. 

Active macrophages are a major source of ROS which cause signifi-
cant platelet activation at the inflammatory site [172–174]. ROS induce 
P-selectin [175,176] [177] and CD40L [178] expression in platelets. 
ROS may also indirectly increase platelet reactivity by interfering with 
endogenous platelet inhibition mechanisms, such as scavenging of nitric 
oxide (NO) [179]. On the other hand, NO is also synthesized by endo-
thelial cells to maintain endothelium integrity. Therefore, the imbalance 
between ROS production and NO availability disrupts intracellular 
antioxidant defense and cause endothelial damage [36]. This has been 
clearly shown in a model of ischemia/reperfusion-induced liver injury in 
which activated Kupffer cells (resident liver macrophages) release ROS, 
TNF-α, IL-1β, and other chemokines, that contribute to hepatocyte and 
endothelial damage as well as recruitment and activation of further 
leukocytes involved in a vicious circle of injury [180]. Given this 
mechanisms, in COVID-19, the presence of hyper-activated alveolar 
macrophages in close proximity of blood vessels seems to also cause 
endothelial damage leading to a progressive thrombosis (Fig. 1 & 3B). 
Furthermore, similar to neutrophils, hyper activated macrophage itself 
may extrude their web-like chromatin DNA fibers to extracellular space 
and produce macrophage extracellular traps (METs) which not only 
cause direct endothelial activation and damage but also act as an 
important mediator of inflammation and likely thrombosis with the 
same mechanism that already described for NETs [181–183]. 

5. How activated platelets feedback on COVID-19 

5.1. Direct interaction of activated platelets with leukocytes 

5.1.1. Activated platelets in thrombi recruit leukocytes while transferring 
them to the source of inflammation 

There is mounting evidence that platelets play a key role in leukocyte 
recruitment to site of injury and inflammation. Platelet activation leads 
to P-selectin expression and the release of several pro-inflammatory 
molecules (e.g., neutrophil-activating peptide 2 [NAP-2], PF4, PAF, 
…) which can attract leucocytes to the site of injury and thrombus for-
mation where they seriously get activated through the further engage-
ment of their integrins with several adhesion molecules expressed on 
reactive thrombi. The initial interaction between platelet P-selectin and 
neutrophil P-selectin glycoprotein ligand 1 (PSGL-1) mediates their 
tethering and rolling on developing thrombi. PSGL-1 ligation here 
primes leukocyte β2 integrins (macrophage-1 antigen [Mac-1]), which 
their binding to platelet ligands such as GPIbα, ICAM-2 and fibrinogen 
(on thrombi) results in full activation of integrin. Once integrin gets 
activated, its ligation with fibrinogen induces potent outside-in signals 
that lead to the leukocyte degranulation and superoxide production as 
well as their shape change, crawling, migration and extravasation, all of 
which play critical roles in inflammatory responses. Neutrophil post- 
activation at the site of injury may also induce NET formation espe-
cially on thrombi low shear pocket area (Fig. 3B) [133]. It has been 
already showed that platelets thrombi can attract leukocytes while also 
gating them to the lower tissues via a directed migration mechanisms 
(Fig. 3 aii & aiii) [135]. More interestingly an observation indicated that 
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compare to inflamed endothelium free of platelets, platelet aggregates 
can recruit 20 folds more leukocytes in the same area from the vascular 
surface (Fig. 3 ai). This finding indicates that platelet thrombi are highly 
reactive surfaces for leukocyte attraction and trans-migration through 
the vessels. Therefore, since the lung infection with SARS CoV-2 also 
involves the pre-alveolar vessels by either direct or indirect damage to 
endothelium [19], thrombotic events in this area may anchor masses of 
circulating leukocytes to penetrate tissues and exacerbate inflammatory 
state (Fig. 3B). Same scenario may also occur in other damaged organs 
affected by the virus invasion. 

5.1.2. Platelet-induced neutrophil activation 
Platelet activation increases mortality in patients suffering from a 

severe form of the COVID-19. Activated platelets reprogram cellular 
functions via specific cellular interactions [184–186]. In a positive 
feedback loop, activated platelets mediate significant leukocyte re-
sponses, including secretion [187,188], adhesion and migration 
[189,190], as well as NET formation [138], as a considerable initiator of 
coagulation and thrombosis. SARS-CoV-2 binding to TLR7 may induces 
P-selectin and CD40L expression on platelets that causes their increased 
interaction with neutrophils [86]. On the other hand, platelet-released 
chemokines, such as NAP-2, IL-8, growth-regulated oncogene-α (Gro- 
α) and PF4 attract neutrophils to the site of inflammation. All of these 

mediators enhance the activation state of integrins on neutrophils 
[151,191]. P-selectin and GPIbα are key adhesion receptors on platelets 
that mediate a direct crosstalk between these cells and neutrophils via 
the interaction with PSGL-1 and MAC-1, respectively [133,151,192]. 
Platelet-induced neutrophil activation stimulates neutrophils to release 
their proteolytic enzymes including elastase and cathepsin-G in an in-
flammatory milieu where platelets present large quantities of connective 
tissue–activating peptide III (CTAP-III), an inactive precursor of NAP-2. 
Here cathepsin G, converts the abundance of these inactive CTAP-III on 
platelets to active NAP-2, a potent chemokine, and neutrophil activator 
that attracts and stimulates neutrophil through the engagement of 
CXCR1 and CXCR2. NAP-2 -induced Mac-1 activation on neutrophils, 
promotes leukocyte adhesion and migration into thrombi. Given the 
abundance of NAP-2 in platelets and its predominant role in inducing 
neutrophil shape change and motility, this chemokine is considered to 
be the major mediator of platelets that can promote directed intravas-
cular leukocyte migration through a developing thrombi [134,135]. 

On the other hand, activated platelet and its releasate showed to 
contribute to neutrophil NETs formation in various ways. In this regard, 
Middleton et al. found significantly elevated levels of platelet-derived 
soluble factors (including PF4 and CCL5 [RANTES]) in COVID-19 pa-
tients, which can cause NETosis. Platelet-derived PF4 has previously 
been shown to bind to NETs, compressing and making them resistant to 

Fig. 3. Thrombus effectively gates inflammatory leukocytes into the alveolar space. 
A) Evidence for efficient leukocyte migration through thrombi. ai) Representative images depicting polarized and spread leukocytes (Gr-1 Ab, green) on C57Bl/6 mouse 
mesenteric veins after IR injury in mesenteric vasculature. As depicted, area with aggregated platelets were at least 20-fold more effective in inducing leukocyte 
shape change and migration compared to where leukocytes directly interacting with the endothelium free of platelets (Ghasemzadeh et al. Blood 2013). aii) 
Representative image at 10 min post injury (needle injury on mesenteric veins) depicting migrating leukocytes (Gr-1 Ab, green) at different positions between the 
margin and the center of a thrombus (platelet stained with DiOC6 in red). aiii) GFP-NOD mice were injected systemically with an anti Gr-1 Ab (for leukocyte staining 
in red), prior to induction of vascular injury via needle puncture. Thrombus formation (in yellow greenish) was monitored by confocal microscopy where the confocal 
sections through the “Top”, “Middle” and “Base” confirmed directed intravascular leukocyte migration into thrombi (Ghasemzadeh et al. Thrombosis & Hemostasis 
2015). 
B) Thrombi facilitate directed migration of circulating leucocytes from blood to infected alveolar tissue dictated by the cytokine gradient. (a) Alveolar vessel injured by direct 
invasion of SARS-CoV-2 or fully agitated macrophage under hyper-inflammatory state, recruits platelets that forms a developing thrombus at site of injury. (b) P- 
selectin expressing platelets on thrombus recruit leukocytes while their activation in pro-inflammatory milieu leads to cytokine-induced arrest and their subsequent 
adhesion and activation. Fully activated neutrophils may release NET that propagates thrombosis (c) or migrate to the source of inflammation through the thrombi 
(d), in a direction that is dictated by continuous release of cytokines/chemo-attractants (showing by blue dots) from the site of infection and alveolar damage. 
Abbreviations: Ab: antibody; IR: ischemia-reperfusion; NET: neutrophil extracellular traps. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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DNase activity [150]. The presence of this PF4/NET positive feedback 
loop that maintains NET-induced coagulation cascade associated with 
immune thrombosis, may explain the perplexing observations of over-
whelming inflammation with cytokine storm and widespread micro-/ 
macrovascular thrombosis in COVID-19 patients [193,194]. In addition, 
platelet binding to neutrophils can increase the expression of the 
receptor-interacting protein kinase-3 (RIPK3) and pseudo-kinase, mixed 
lineage kinase domain-like (MLKL) involved in the NETosis process in 
neutrophils where in a positive feedback, RIPK3 may activate platelets 
as well [195]. Platelets can also stimulate neutrophil NET production by 
secreting high mobility group box 1 (HMGB1), a nuclear nonhistone 
DNA-binding protein, which is over-expressed in COVID-19 and plays a 
key role in the cross-communication between thrombotic events, 
cellular stress and immune responses [196–198]. In this regard, while 
platelet-derived HMGB1 is considered as an important mediator of 
thrombosis [197], as a DAMP, it also exerts its potent inflammatory 
effects through TLR2 and TLR4 on neutrophils [199]. In some viral in-
fections, such as influenza, virus interaction with platelet TLR7 can also 
induce the release of complement component C3 protein from platelet 
α-granules, which forces neutrophils to release their DNA content during 
the NETosis process. Intriguingly, C3-induced NETosis does not require 
neutrophils attachment to the vascular bed. Thus, these circulating 
NETed neutrophils can move through the bloodstream [44] while 
capturing pathogens [200], and wherever deposited, they may cause 
intravascular thrombosis due to thrombogenic properties of NETs [130]. 
The deposition of this circulating NETs or NETed neutrophils especially 
on inflamed endothelium of cytokine-affected vessels in areas farther 
from the main site of infection damage (Fig. 1), may act as a scaffold for 
initiation of a disseminated thrombosis and DIC in severe cases of 
COVID-19. In addition to C3, virus-exposed platelets secrete GM-CSF in 
neutrophil-depended manner which in turn, controls the levels of DNA 
released by activated neutrophils [44]. High levels of C3 and GM-CSF 
have been reported in patients with COVID-19 and as the disease pro-
gresses, the C3-NET-GM-CSF response may become out of control due to 
high levels of inflammatory cytokines and tissue damage [1,38]. 

Circulating platelets with higher levels of P-selectin expression also 
promote the formation of platelet-leukocyte aggregates (PLAs) 
[50,201]. Pulmonary damage and coagulopathy in COVID-19 could be 
relevant to platelet-neutrophil aggregate PNA- [202] and potentially the 
formation of platelet-induced NETs in these aggregations [149] (Fig. 1). 
Alexander et al. discovered that COVID-19 patients have a higher pro-
portion of PNA than healthy donors. They showed that the levels of PNA 
in severe patients were substantially more significant than in moderate 
individuals. They discovered platelets are pre-activated and potentially 
contribute to micro-thrombotic complications in severe cases of COVID- 
19 [203]. Therefore, given the elevated levels PLAs and their links with 
inflammation and severity of disease in these patients, it can be sug-
gested that PLAs may be involved in the etiology of COVID-19. 

5.1.3. Platelet-induced monocyte activation 
In patients with severe forms of the COVID-19, activated platelets 

forming platelet-monocyte aggregates (PMAs) can induce monocyte 
dependent tissue factor (TF) expression that causes hypercoagulability 
[31,203]. P-selectin and integrin αIIb/β3 play important roles in platelet- 
monocyte interaction and the induction of TF expression by monocyte 
[204,205]. Eugenio et al. showed that TF expression increases only in 
monocytes but not in platelets in critically ill COVID-19 patients. They 
also indicated that monocytes tethered with platelets can express 
significantly higher TF compared to monocytes alone, as TF expression 
was significantly higher in platelet-monocyte complexes (CD14 +
CD41+) than in monocytes without platelet adhesion (CD14 + CD41-). 
On the other hand, given no increase in TF expressing platelets in 
COVID-19 patients, they suggested that this association could not be 
driven by platelets [30]. However, it is not clear that whether TF on 
PMAs is solely expressed by monocytes as platelets may also generate TF 
within their direct cross-talk with these cells. However, the lack of 

significant TF expression in PNAs compared to its high levels in PMAs 
may also highlight a significant role of monocytes as the main source of 
TF or its inducer [206–208]. 

5.1.4. PMPs activate neutrophils and monocytes 
Platelet microparticles (PMPs) are extracellular vesicles released by 

platelets during activation [209]. Recent studies have found that PMP 
count is higher in hospitalized patients with COVID-19 than healthy 
controls [86,210]. PMPs may enter other tissues, such as lymph nodes, 
affecting immune responses while these particles can transport diverse 
molecules, including miRNAs, mRNA, non-coding RNA, cytokines, and 
surface proteins to other cells, modulating their functional activities 
[211]. It has been shown that in patients with dengue virus, PMPs 
released by activated platelets can stimulate neutrophils and macro-
phages via the C-type lectin domain-family 5A (CLEC5A) receptor and 
TLR2 on neutrophils, resulting in the formation of NET and the release of 
pro-inflammatory cytokines [212]. It has been shown that in some 
pathologic condition, DAMPs released by inflammatory milieu can lead 
to platelet activation and its subsequent EVs release while IL-1β and 
caspase-1–carrying microparticles can bind to neutrophils and promote 
the formation of platelet–neutrophil aggregates which result in lung 
vasoocclusion and injury [213]. PMPs can also bind to monocyte subsets 
and activate these cells, resulting in the release of inflammatory medi-
ators such as IL-1, IL-6 and TNF-α, as well as their adhesion to endo-
thelial cells [214]. 

5.2. Activated platelets feedback on cytokine storms 

Previous studies have shown that activated platelets secrete pro- 
thrombotic agents (e.g., TXA2 and ADP), and pro-inflammatory fac-
tors (e.g., IL-1β, RANTES, PAF and soluble P-selectin and CD40L) which 
can enhance both platelet activation and inflammation together 
[186,215,216]. While molecules like CD40L, PF4, and P-selectin are 
abundant in platelet granules and are released upon degranulation, cy-
tokines like IL-1 may also be produced de novo after platelets activation. 
Although platelets are anucleate, they contain rich and diverse tran-
scriptome that could explain their ability to produce and release in-
flammatory cytokines upon activation, independent of storage pool 
[217,218]. In addition platelets have the potential to directly stimulate a 
wide range of cell types to release various cytokines [52], while their 
own released pro-inflammatory mediators can also promote leukocyte 
activation and NET formation which contribute to thrombotic events 
and other pathological condition. 

Platelets per se are an important source of inflammatory mediators 
that significantly contribute to the cytokine load in severe COVID-19 
[52]. In this regard, patients with severe and critical forms of COVID- 
19 have the highest plasma levels of PF4, serotonin and CD40L 
released from platelets while platelets from these patients are also more 
sensitive to releasing cytokines such as TGF-β, IL-1β, and IFN- γ [31]. 
Zaid et al. found increased levels of Groα, IL-7, macrophage-derived 
chemokine (MDC), platelet-derived growth factor-AA/BB (PDGF-AB/ 
BB), and RANTES in patients with COVID-19 whereas on the other hand, 
they showed reduced levels of some of these specific cytokines or growth 
factors (e.g., eotaxin, IFN- γ, IL-1β, TGF-β) in platelets of these patients. 
Therefore, a significant increase of these mediators in the blood of 
COVID-19 patients may be attributed to the platelet involvement in their 
release [52]. According to previous in vitro and in vivo studies, platelets 
may also release microparticles containing IL-1β in response to some 
viral infection, which leads to an increase in endothelial permeability 
[219]. Serotonin release from platelets can also directly affect blood 
vessel integrity leading to leukocytes uptake, activation and their 
cytokine release [220,221]. These responses associated with increased 
levels of IL-1β and other cytokines, could also play a role in COVID-19- 
related ARDS. 

On the other hand, studies showed that activated platelets can 
directly regulate leukocyte function and their cytokine release during 
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infections [222], where the direct interaction between platelet P-selec-
tin and CD40L with neutrophil causes the release of their granules 
contents, complement C3, a variety of cytokines such as CCL2, CCL3, 
CCL7, IL-1, IL-7, IL-8, and hepatocyte growth factor [223,224]. These 
cytokines are substantially higher in COVID-19 patients than in healthy 
individuals [225]. More specifically, the soluble CD40L released from 
platelets in COVID-19 may be involved in activating CD40-coated cells 
including different type of lymphocytes while regulating their function 
and affecting cytokine release [226]. 

6. Evidence for reciprocal treatment of thrombosis and 
inflammation in COVID-19 

6.1. Antiplatelet therapies 

So far, several studies have been performed or are still ongoing on the 
effect of antiplatelet therapies on the treatment of COVID-19. In this 
regard, some researchers believe that, given the specific role of platelet 
activity and thrombotic events in propagation of inflammatory condi-
tions [227], it is very likely that antiplatelet therapies may control or 
help treat COVID-19, especially in hospitalized patients [201]. In a most 
recent publication resulted from a multicentre international registry 
(Health Outcome Predictive Evaluation Registry (HOPE-COVID-19), 
Santoro et al. concluded that without an increased risk of bleeding, 
antiplatelet therapies were associated with reduced mortality risk of 
COVID-19 while shortening duration of mechanical ventilation in hos-
pitalized patients. This study included 7824 consecutive patients with 
COVID-19, of which 730 (9%) received antiplatelet regimen during 
hospitalization; including 680 patients (93%) received a single anti-
platelet drug (645 patients with aspirin, 33 patients with clopidogrel, 
and 1 with ticlopidine and ticagrelor, respectively) and 50 patients (7%) 
received dual antiplatelet therapy (35 patients with aspirin and clopi-
dogrel, 10 patients with aspirin and ticagrelor, and 5 patients with 
aspirin and prasugrel) [228]. With the advantage of evaluating different 
antiplatelet regimens, this study was consistent with an earlier research 
by Chow et al., who previously reported in a multicenter observational 
cohort study of 412 patients with COVID-19 that, the use of aspirin in 
hospital significantly decreases the risk of hospitalization in intensive 
care units, the need for mechanical ventilation and death [229]. Simi-
larly, in a retrospective study of 2785 hospitalized patients with COVID- 
19, Meizlish et al. have also shown that aspirin therapy (n = 638) was 
associated with lower incidence of in-hospital death [230]. In addition 
to these observations, there were few studies that did not show a sig-
nificant effect of aspirin therapy on the status or outcome of patients, 
however, these studies, while pointing to the uncertainty of their find-
ings, also recommend continuing researches with larger cohorts and 
evaluating more antiplatelet drugs [231]. Among these studies, there 
was a Randomised Evaluation of COVID-19 Therapy (RECOVERY) per-
formed on 14,892 patients, almost half of whom randomly received 
aspirin while the rest were under usual care alone. Although this trial 
indicated that aspirin was not associated with a reduction in 28-day 
mortality or the risk of progression to invasive mechanical ventilation 
or death, its administration was shown to be associated with a slight 
increase in the rate of being discharged alive within 28 days [232]. In 
this regard, in addition to the aforementioned study by Santoro et al. the 
results of two ongoing RECOVERY (NCT04381936) and ACTIV-4 
(NCT04505774) clinical trials which are evaluating the benefit of 
P2Y12 treatment in COVID-19 are of particular interest. Especially that 
as a member of this group of antiplatelet drugs, ticagrelor prescription in 
pneumonia patients has shown a significant reduction of NET release, 
platelet–leukocyte interactions, and IL-6 levels [233], the inflammatory 
evidence, all of which are also prominent in the pathogenesis of COVID- 
19. Overall, most studies to date have pointed to the beneficiary roles of 
antiplatelet therapies in relieving the complications of COVID-19 in 
hospitalized patients, some of which, such as reducing the need for 
mechanical ventilation, indicate their significant importance in 

controlling of severe lung inflammation and ARDS [234]. Although 
these observations are indirect evidence that thrombosis can exacerbate 
inflammatory responses, especially cytokine storm in COVID-19 pa-
tients, more data are needed on the direct effects of antiplatelet thera-
pies on the reduction of major inflammatory mediators in COVID-19. 

6.2. Anti-inflammatory therapies 

Despite the controversial use of steroids in COVID-19 [235], to date, 
antagonizing or inhibiting of major cytokines and other inflammatory 
compounds or their various signaling pathways have also been consid-
ered as important supportive therapies for controlling severe inflam-
matory conditions and cytokine storms, especially in critically ill 
patients. Steroids are commonly used anti-inflammatory drugs that 
quench inflammatory state interfering with NF-κB, the key inflamma-
tory transcriptional regulator, while also suppressing immune responses 
[236]. However, due to the risk of thromboembolisms [237] and 
generalized immune suppression, their high dose and long prescription 
especially in critically ill patients are almost challenging therapeutic 
approaches [238]. Some earlier retrospective cohort studies have sug-
gested tocilizumab (a monoclonal anti-soluble IL-6 receptor antibody) as 
an efficient treatment for COVID-19 [239]. Given these preliminary 
findings, in a larger randomised controlled trials (REMAP/CAP-RE-
COVERY trial platform) adding tocilizumab to standard dexamethasone 
treatment showed superior effect in patients treatment compared to 
dexamethasone alone [240] with increasing organ support-free days as 
well as a 1.6-fold increment in chance of survival compared to control. 
In this regard, some researchers believe that one of the reasons for the 
better performance of this anti-inflammatory combination is the 
possible role of tocilizumab in improving coagulation function and 
thrombotic conditions in patients, especially since recent studies have 
also showed a lower incidence of thromboembolic events in COVID-19 
patients receiving tocilizumab [241] as well as reduced D-dimer levels 
during infection [242]. In addition to IL-6 inhibition, in some smaller 
cohorts, researchers also showed that both the blockade of IL-1 receptor 
with anakinra [243] and IL-1β blocking monoclonal antibodies (cana-
kinumab) can attenuate some inflammatory signals leading to an 
improved oxygenation associated with survival [244]. Another ongoing 
clinical trial has also focused on whether neutralizing interleukin-8 (IL- 
8) with BMS-986253 can help improve the health condition of COVID- 
19 hospitalized patients (ClinicalTrials.gov Identifier: NCT04347226). 
However, to date, there is no reliable information that directly addresses 
the effect of anti-interleukin therapy on the modulation of platelet 
function and the improvement of thrombotic indices in COVID-19 pa-
tients, therefore, conducting such studies in the next steps will be 
considered and encouraged. In addition to anti-cytokine therapies in 
nonrandomized proof-of-concept study, Annane et al. showed that the 
administration of complement C5 inhibitor eculizumab, in patients with 
severe COVID-19 were associated with increased survival and acceler-
ated improvement of biomarkers of tissue hypoxia and inflammation. 
More interestingly, these patients also showed an improvement in 
platelet count [245] which could be due to the inhibition of 
complement-mediated thrombotic microangiopathy as a known effect of 
eculizumab already shown in acute hemolytic-uremic syndrome [246]. 
Given these preliminary results, larger clinical studies are planned or 
ongoing now to investigate the efficacy and safety of C5 blockade (either 
with eculizumab or ravulizumab) in the treatment of severe COVID-19 
patients (ClinicalTrials.gov Identifiers: NCT04288713, NCT04355494, 
NCT04346797 with eculizumab and NCT04369469, NCT04390464 
with ravulizumab). It is also interesting to follow the effects of these 
anti-inflammatory drugs on the thrombotic event in COVID-19, which 
may shed more light on the importance of platelet-leukocyte cross-talk 
in the pathogenesis of the disease. 
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7. Conclusion 

Exhausted immune responses in COVID-19 fail to control viral in-
vasion and subsequent macrophage hyper-activation which is involved 
in both alveolar tissue damage and cytokine storms. Under this condi-
tion, pre-alveolar vascular damage caused by direct viral invasion, 
macrophage toxic activity or cytokine storms, recruits platelets that 
create developing thrombi at the site of injury. However, regardless of 
whether the thrombosis is due to infection or not, the developing 
thrombi in such a hyper-inflammatory milieu not only efficiently recruit 
the massive accumulation of circulatory leukocytes that exacerbate 
thrombotic events in the prealveolar area, but may also serve as po-
tential gateway for the transfer of these active leukocytes to infected 
alveoli. Obviously, this resultant congestion of leukocytes in alveoli 
aggravates tissue damage while further enhancing cytokine storms, 
vascular damage and thrombotic events in a vicious circle. Therefore, 
review presented here hypothesizes that to control the severe cases of 
COVID-19, as much as anti-inflammatory therapies can be effective in 
relieving the cytokine storm, antithrombotic therapies can also be 
effective and vice versa. 

To address this hypothesis, the review has presented all proven 
mechanisms by which the mutual interaction between platelets and 
leukocytes can intensify both inflammatory state and thrombotic events 
in a reciprocal manner, in particular, how cytokine storms can act as a 
prelude to thrombosis and why it is quite possible to expect thrombotic 
disorders following such inflammatory conditions. Given this, it may be 
advisable to start prophylactic antiplatelet therapy during cytokine 
storm. On the other hand, it has been noted that since the onset of 
thrombotic conditions can exacerbate the inflammatory state, therefore, 
if thrombotic events occur prior to this exacerbation, prompt and 
appropriate antiplatelet therapy may be helpful in controlling the in-
flammatory status and preventing the cytokine storm. 

In conclusion, to better control the severe cases of COVID-19, this 
review suggests that as much as anti-inflammatory therapies can be 
effective in relieving the cytokine storm, antithrombotic therapies may 
also be effective and vice versa. The important suggestion that may help 
improve current therapeutic approaches to focus more on the prevention 
of thrombotic events, as it may be able to effectively control the in-
flammatory status as the Achilles heel of the disease. 
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[165] J. Wang, S. Sjöberg, T.-T. Tang, K. Öörni, W. Wu, C. Liu, et al., Cathepsin G 
activity lowers plasma LDL and reduces atherosclerosis, Biochim. Biophys. Acta 
(BBA) - Mol. Basis Dis. 1842 (11) (2014) 2174–2183. 

[166] S. Wantha, J.-E. Alard, R.T. Megens, A.M. Van Der Does, Y. Döring, M. Drechsler, 
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