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Abstract: The hematological effects of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) are important in COVID-19 pathophysiology. However, the interactions of SARS-CoV-2 with
platelets and red blood cells are still poorly understood. There are conflicting data regarding the
mechanisms and significance of these interactions. The aim of this review is to put together available
data and discuss hypotheses, the known and suspected effects of the virus on these blood cells, their
pathophysiological and diagnostic significance, and the potential role of platelets and red blood
cells in the virus’s transport, propagation, and clearance by the immune system. We pay particular
attention to the mutual activation of platelets, the immune system, the endothelium, and blood
coagulation and how this changes with the evolution of SARS-CoV-2. There is now convincing
evidence that platelets, along with platelet and erythroid precursors (but not mature erythrocytes),
are frequently infected by SARS-CoV-2 and functionally changed. The mechanisms of infection of
these cells and their role are not yet entirely clear. Still, the changes in platelets and red blood cells in
COVID-19 are significantly associated with disease severity and are likely to have prognostic and
pathophysiological significance in the development of thrombotic and pulmonary complications.

Keywords: SARS-CoV-2; platelet; erythrocyte; integrin; ACE-2; procoagulant platelets; neutrophil
extracellular traps

1. Introduction

The first impressions of COVID-19 were associated with obvious severe pulmonary
manifestations, which gave the name to the virus responsible for them. However, over
a short period of several months, it became clear that the disease significantly affects
not only the lungs but also many other systems in the patient’s body [1]. Among them,
changes in the blood system and immune system dysregulation played a key role in the
pathophysiology of disease and mortality [2]. In particular, impaired oxygen transport
and the high risk of thrombotic complications attract special attention to what happens to
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RBCs (red blood cells) and platelets. The mechanisms of these changes are still far from
being completely clear, and their understanding might be important for the development
of novel diagnostic and treatment options [3].

The direct role of pathogens in hematological changes during infectious diseases is
not frequently observed. Indeed, the most common acute infections prefer various mucous
membranes or other tissues that are more accessible and less protected than blood, and
only in extreme cases may they progress into viremia or bacteremia. When these occur,
sepsis usually causes a severe and multifaceted reaction mediated by an overreaction of
the immune system rather than the pathogens themselves. Though there is a category of
pathogens that might even seek to get into the blood cells or deep tissues, they have special
strategies to hide their presence in the blood as much as possible, and such diseases are
more likely to be chronic.

It is now believed that viremia in COVID-19 is consistent with this picture; it is not
obligatory in this disease, but it is not uncommon and is clearly associated with disease
severity [4–6]. SARS-CoV-2 may use membrane-attached ACE2 (angiotensin-converting
enzyme 2) to invade host cells, although a dual role of ACE2 in the disease has been
proposed [7]. The most life-threatening and health-threatening features of COVID-19, such
as the disseminated intravascular activation of blood coagulation, show many parallels
with other types of sepsis [8]. It may not be an exaggeration to say that one of the main
peculiarities of COVID-19 is that this respiratory virus is unusually active in the blood
and causes viremia too often. In light of this, it is especially important to understand how
SARS-CoV-2 interacts with blood and vascular cells.

Over the years, platelets and RBCs have been found to engage in numerous two-way
interactions with various pathogens, including some viruses, which may have important
pathophysiological consequences. Prominent examples include the binding and replication
of dengue virus by platelets [9] and their progenitor cells, megakaryocytes [10], and the
internalization and transport of influenza virus by platelets [11]. RBC surface proteins
are capable of binding a variety of pathogens, and the role of RBCs in inhibiting bacterial
phagocytosis [11] and in the transport and replication of bacteria [12] and malaria parasites
is well documented. However, there is much less information about RBC interactions with
viruses [13].

Pathogens can significantly impact cellular physiology, positively or negatively influ-
encing the virus. Their direct or indirect effects play a crucial role in disease progression.
Despite the fact that disturbances in the hemostasis and oxygen transport systems were
early identified as striking pathophysiological features and leading causes of mortality in
COVID-19 [14], the role of interactions between the virus and blood cells in the development
of these disorders remains unclear [15,16].

The aim of this review is to put together the available evidence on the interactions of
SARS-CoV-2 with RBCs and platelets, to highlight points of agreement and disagreement,
to identify blank spots in our knowledge, and to derive a comprehensive picture of the
existing hypotheses on the mechanisms of these interactions, on the hematological changes
caused by them, and on their pathophysiological significance.

2. Two-Way Interactions of SARS-CoV-2 with RBCs and Their Precursors

There is currently little evidence that SARS-CoV-2 actively interacts with or invades
mature erythrocytes, although the binding of the virus to erythrocyte proteins has been
suggested [17]. One interesting possible receptor for this interaction is the Band3 anion
transport protein [18], while another is the blood group system determinator basigin, also
known as CD147 [19,20]. A recent study, which remains in preprint form at the moment,
found an extensive association of SARS-CoV-2 with RBCs in a murine model [21]. The
study also suggested an interaction with heme itself and the possible contribution of this
interaction to the multi-organ spread of the virus.

On the contrary, there are quite a few indications that the virus significantly interacts
with the ACE2-bearing immature erythrocyte precursors [20,22]. The COVID-19 infection
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of these cells dysregulates iron and hemoglobin metabolism and stimulates their reproduc-
tion [20,22]. Indeed, circulating erythroid progenitors are a characteristic feature of patients’
blood, and their concentrations are negatively correlated with hemoglobin and leukocyte
levels [20,23]. This drop in hemoglobin levels, coupled with increased erythropoiesis, is
considered to be one of the important mechanisms of hypoxia and respiratory problems
in patients with COVID-19 [24]. Interestingly, these features are most pronounced in the
original Wuhan virus and appear less in the Delta and Omicron clades [25].

Patients’ RBCs are furthermore characterized by anisocytosis, a variability in sizes [26].
We have previously shown that the ability of RBCs to penetrate small capillaries (filter-
ability) negatively correlates with the severity of the patient’s condition (Figure 1) and is
a predictor of a negative prognosis [27]. It also correlates with C-reactive protein levels,
suggesting an inflammatory nature of the problem. In view of the recent finding that red
blood cell distribution width is associated with increased interactions of blood cells with
the vascular wall [28], it is tempting to suggest linking anistocytosis with the poorly under-
stood aspect of RBCs and their role in thrombosis and hemostasis. It is considered fairly
well-established that RBCs determine blood mechanics and facilitate platelet transport,
and this mechanism is vital to both hemostasis and thrombosis [29–31]. The altered size of
RBCs in COVID-19 could therefore alter the dynamic behavior of the bulk flow and thus
contribute to the platelet margination effect [32]. The ability of erythrocytes to support
membrane-dependent blood coagulation reactions on their surface or to activate blood
coagulation with their microvesicles has been much more controversial, but it seems notice-
able, at least in pathological situations [33–35]. Indeed, it was found that RBCs exhibited
significantly elevated apoptotic markers in the COVID-19 patients, which even correlated
with D-dimer, suggesting a contribution of RBCs in the thrombotic complications of the
disease [36]. Other functions of erythrocytes in thrombosis also cannot be excluded [37,38].
Although the field in general remains only marginally explored, the already available
evidence and the considerations discussed make it likely that RBC changes contribute to
thrombotic risks in COVID-19.
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Figure 1. Distribution of RBC filterability in the group of deceased (n = 67) and survivor (n = 82)
patients with COVID-19. Horizontal dotted lines indicate the boundaries of normal filterability
values. **** The difference between the groups is significant (p < 0.0001). Reproduced from [27].

3. Interaction of SARS-CoV-2 with Platelets and Its Significance for the Virus

The first report of the detection of SARS-CoV-2-related RNA in platelets of patients
with COVID-19 appeared in mid-2020 [39]: viral RNA was detected in platelets in approxi-
mately 20% of patients, regardless of disease severity. Around the same time, another study
reported that platelets were positive for viral RNA in 6% of patients [40]. The same study
reported that platelets express the major receptor for the coronavirus’s entry into different
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cell types, angiotensin-converting enzyme 2 (ACE2), as well as the serine protease TM-
PRSS2, which is important for spike protein priming. The presence of ACE2 and TMPRSS2
in platelets was confirmed by another report, which has remained a preprint [41]. Over the
next three years, several additional potential receptors facilitating the binding and entry of
SARS-CoV-2, apart from ACE2, were identified. These included Band3, which is expressed
on both platelets and the surface of RBCs [42]. Although the presence of ACE2 in platelets
and the mechanism of entry of the original coronavirus variant are not yet clear, there is
already evidence that different variants of SARS-CoV-2 likely use different receptors [42],
as discussed below. One interesting possibility could be CD147 [19,42].

The simpler question of the presence of SARS-CoV-2 and ACE2 in platelets has indeed
been raised again and again [43]. Immunofluorescence methods are known to have low
reliability and specificity when detecting low levels of antigens, and the majority of pro-
teomic and transcriptomic studies in 2020–2021 could not identify ACE2 in platelets [44].
For example, an in-depth study of platelet gene expression and function in COVID-19
failed to detect ACE2 in platelets, either RNA or protein [45]; viral RNA was detected only
in two out of 25 patients. However, a comparison of methodologies showed that the result
was highly dependent on the method: while PCR detected viral RNA in a minority or none
of the patients, RNA-sequencing showed the presence of fragments of the viral genome in
all patients [46]. Finally, transmission electron microscopy does detect viral particles in the
patient’s platelets [47].

Given these data, it can be tentatively concluded that platelets from patients with
COVID-19 are, after all, likely to contain SARS-CoV-2, although the mechanism of entry
is not certain. What could be the consequences of the virus infection? The possibilities
discussed in the context of a pathogen in blood cells are defense against the immune system,
exposure or presentation to the immune system attack, transport and transmission to other
tissues, and replication (which is difficult for a virus in platelets and RBCs). The in vitro
incubation of platelets and MEG01 megakaryocyte-like cells with SARS-CoV-2 confirmed
the ability of both cell types to slowly engulf the virus without replicating it [48]. This study
did not detect ACE2 or TMPRSS2 in platelets. Increased autophagy markers in platelets
from COVID-19 patients and their co-localization with coronavirus proteins suggest that
platelets digest the virus through the xenophagy process [47]. On the other hand, changes
in the differentiation and expression of antiviral proteins in circulating megakaryocytes
from patients with COVID-19 and evidence that megakaryocytes can become infected with
the virus through infected platelets [49] suggest that platelets may contribute to the spread
of the virus and the development of negative changes in systemic circulation. Considering
that the lungs are among the potential sites of thrombocytopoiesis, the presence of infected
megakaryocytes in this area could potentially lead to direct respiratory invasion.

4. Platelets and Endothelium: Ways of Interaction

It is now believed that platelets play not one but two vital roles in maintaining the
integrity of the vascular wall. First, they are involved in repairing damage caused by
traumatic injuries. This process occurs under conditions of high flow rates and requires
the formation of a hemostatic plug [50]. Second, they support the homeostasis of the
endothelium and the tightness of intercellular contacts, which is achieved by single platelets
without the formation of a hemostatic plug [51]. This function may be especially relevant
during coronavirus infection.

Although the traditional view focuses on platelet adhesion and activation related
to the proteins of the intercellular matrix, primarily collagens, it has long been known
that platelets are capable of direct adhesion to endothelial cells [52]. In healthy vessels,
platelet–endothelial interaction is prevented both by the presence of endogenous platelet
inhibitors (NO and prostacyclin) and by the absence of platelet adhesion sites on the
endothelial surface. This picture changes radically with micro-damage, inflammation, or
the presence of other cells on the vessel wall, e.g., immune or cancer cells. In these cases,
the main adhesion bridges are pairs P-selectin (active platelets)-PSGL-1 (inactive/active
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endothelium), GP1b (platelets)—vVW (active endothelium), integrins (active platelets)—
fibrinogen—integrins (active endothelium), and CLEC-2 (platelets)—podoplanin (active
endothelium) [53]. A separate case is the interaction of platelets with fibrin when the
activated endothelium exposes tissue factor [52]. As seen from the list above, platelet
adhesion requires either their activation or the activation of the endothelium. In the case of
micro-damage, platelet activation can occur due to a certain amount of ADP from damaged
cells. In the case of inflammation, it could be caused by interactions between glycoprotein
Ib and von Willebrand factor or cytokines secreted by immune cells [54].

It should be further noted that, with the exception of platelet adhesion to vVW, all
other cases of the adhesion and activation of platelets at the site of adhesion are likely
to result in the secretion of the contents of their granules. It is unknown what role this
process plays in endothelial physiology; however, platelet-derived growth factors are well
known to promote the development of vascular tumors, vascular growth, and vascular cell
proliferation [55]. There is evidence that platelets normally reduce the permeability of the
endothelium to albumin [56], while, during inflammation, activated platelets increase the
permeability of the vascular endothelium [57]. Thanks to this, the virus from the blood can
enter the endothelium and sub-endothelial layer.

Although platelets have long been considered important for maintaining the health
of the vascular wall, the first experimental and molecular evidence of the protective role
of platelets appeared in 2008, when it was shown how inflammation causes bleeding in
thrombocytopenia [58]. It is now quite reliably established that this function of platelets
does not require the formation of an aggregate. How exactly bleeding (which platelets
protect against) occurs depends on the specific location and associated factors. For example,
in most cases, hemorrhage is associated with the transmigration of leukocytes. This further
complicates an understanding of the role of platelets, since leukocyte recruitment also
requires platelets.

Unlike hemostasis and thrombosis, which require approximately the same set of
platelet functions, preventing endothelial damage requires different sets of functions in dif-
ferent organs [51]. For example, hemostasis and thrombosis always fundamentally require
GPIb (for primary platelet attachment) and GPIIb-IIIa (for the stabilization of aggregates).
This is not the case for vascular wall integrity: GPIb is important for the maintenance of
pulmonary and cerebral vascular endothelium in ischemic stroke (but not in the ischemia-
reperfusion model). GPIIb-IIIa is important for brain and lung endothelium in most models
but not cutaneous hemorrhage. In contrast, GPVI and CLEC-2 appear to be less important
in hemostasis but consistently appear to be involved in both endothelial protection and
inflammatory bleeding. We have a fairly poor understanding of how platelets in general
carry out their defense, but recent work on autonomous platelet migration may provide a
clue [59].

Moreover, three years ago, it was shown that platelets can be targeted at endothelial
junctions due to the fibrin gradient [60]. Platelets can then release numerous molecules that
drive the local endothelial reprogramming and healing of micro-damage. This pathway
is crucial for maintaining vascular homeostasis. It may be involved in both the protective
functions of platelets during COVID-19 and potentially aiding virus spread. However,
it is unlikely to easily lead to the entry of the virus from the cytoplasm, especially if the
hypothesis of its association with mitochondria, as described below, is correct.

To what extent can viruses enter the endothelium through the direct uptake of material
from platelets? The topic of platelet absorption by endothelial cells is quite controversial,
although there is evidence in favor of some mechanisms of this kind [61]. The endocy-
tosis of platelet microvesicles by endotheliocytes is much better documented [62]. This
leads to the entry of platelet contents into endothelial cells, including both endothelium-
reprogramming miRNA [63] and entire mitochondria [64]. In this regard, the possibility
of the endocytosis of platelet microvesicles with SARS-CoV-2 by endothelial cells seems
promising because this is a direct route of infection of the endothelium without the par-
ticipation of receptors discussed when considering the problems of hemostasis. Given
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the recently demonstrated ability of platelet microvesicles to penetrate bone marrow and
influence megakaryocytes [65], which is definitely an attractive opportunity for a virus,
this mechanism cannot be ruled out.

5. How SARS-CoV-2 Affects Platelets

The very early studies of platelets in COVID-19 revealed the presence of their hy-
peractivation in patients [39]. Over the next two years, this picture was confirmed and
refined. Patients’ platelets circulate in a partially activated state (Figure 2), exhibiting
increased size, elevated levels of alpha granule markers, and the activation of integrins
and phosphatidylserine in the outer layer of the membrane [39,40,45,66–71]. Some of these
activation markers overlap with the markers of apoptosis, which is not always easy to
differentiate [46]. Numerous platelet aggregates with neutrophils, monocytes, and T cells
are regularly detected in the blood of patients [45,67,70,72–74]. Thrombocytopenia with
COVID-19 is not necessary but is quite common [75].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 20 
 

 

cially if the hypothesis of its association with mitochondria, as described below, is cor-
rect. 

To what extent can viruses enter the endothelium through the direct uptake of ma-
terial from platelets? The topic of platelet absorption by endothelial cells is quite contro-
versial, although there is evidence in favor of some mechanisms of this kind [61]. The 
endocytosis of platelet microvesicles by endotheliocytes is much better documented [62]. 
This leads to the entry of platelet contents into endothelial cells, including both endothe-
lium-reprogramming miRNA [63] and entire mitochondria [64]. In this regard, the pos-
sibility of the endocytosis of platelet microvesicles with SARS-CoV-2 by endothelial cells 
seems promising because this is a direct route of infection of the endothelium without the 
participation of receptors discussed when considering the problems of hemostasis. Given 
the recently demonstrated ability of platelet microvesicles to penetrate bone marrow and 
influence megakaryocytes [65], which is definitely an attractive opportunity for a virus, 
this mechanism cannot be ruled out. 

5. How SARS-CoV-2 Affects Platelets 
The very early studies of platelets in COVID-19 revealed the presence of their hy-

peractivation in patients [39]. Over the next two years, this picture was confirmed and 
refined. Patients’ platelets circulate in a partially activated state (Figure 2), exhibiting in-
creased size, elevated levels of alpha granule markers, and the activation of integrins and 
phosphatidylserine in the outer layer of the membrane [39,40,45,66–71]. Some of these 
activation markers overlap with the markers of apoptosis, which is not always easy to 
differentiate [46]. Numerous platelet aggregates with neutrophils, monocytes, and T cells 
are regularly detected in the blood of patients [45,67,70,72–74]. Thrombocytopenia with 
COVID-19 is not necessary but is quite common [75]. 

 
Figure 2. Platelet functional parameters in COVID-19 patients. The panels show mean fluorescence 
intensity for antibodies against activated integrin αIIbβ3 (top) and P-selectin (bottom) in a cohort 
of COVID-19 patients (n=241). NS, not significant; **, p < 0.05. Reproduced from [40], published by a 
BMC Journal of Hematology & Oncology. 

The picture of platelet response to stimulation is more complex and contradictory. 
While some studies suggest that patients’ platelets display increased aggregation, adhe-
sion, secretion, and clot formation [39,45,68], others show refractoriness and weakened 
responses [66,67,69]. This problem may be related both to the selection of patient groups 
and to the methodological difficulties of studying platelet responses. Even in the case of 
the more reproducible and stable condition of immune thrombocytopenia, a comparable 

Figure 2. Platelet functional parameters in COVID-19 patients. The panels show mean fluorescence
intensity for antibodies against activated integrin αIIbβ3 (top) and P-selectin (bottom) in a cohort of
COVID-19 patients (n = 241). NS, not significant; **, p < 0.05. Reproduced from [40], published by a
BMC Journal of Hematology & Oncology.

The picture of platelet response to stimulation is more complex and contradictory.
While some studies suggest that patients’ platelets display increased aggregation, adhe-
sion, secretion, and clot formation [39,45,68], others show refractoriness and weakened
responses [66,67,69]. This problem may be related both to the selection of patient groups
and to the methodological difficulties of studying platelet responses. Even in the case of
the more reproducible and stable condition of immune thrombocytopenia, a comparable
level of uncertainty has persisted over an extended period. While most studies concur that
platelets in immune thrombocytopenia circulate in a partially activated state [76–79], certain
methodologies report a weakened response to stimulation [77,78], while others denote it as
normal or heightened [76,79,80], and still others note a heterogeneity of responses among
different patient groups [81].

Some studies indicate a connection between certain markers of platelet hyperactiva-
tion and the severity of the disease. Interestingly, in one of the first studies, an increase
in phosphatidylserine-positive platelet vesicles was observed in patients with moder-
ate form [39]. Other work indicates that an increased volume and level of activation of
platelet integrins are positively correlated with disease severity [40,68,71]; an association
has also been reported for levels of circulating aggregates with complications or disease
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severity [70,72]. Interestingly, the previously cited work [49] found the virus in the platelets
of almost all non-survivors but not the survivors. Other studies have not observed a strong
correlation between platelet quality and disease severity or outcome, except in a group of
patients on extracorporeal membrane oxygenation (ECMO) [66].

ECMO is an important independent factor for platelet dysfunction in COVID-19.
Platelet activation and subsequent refractoriness in a wide variety of patients on ECMO
were observed long before the pandemic [82–84]. However, COVID-19 itself alters platelet
function, and ECMO in its severe cases is very common. The observation of severe throm-
bocytopenia and platelet dysfunction identified on ECMO in COVID-19 indicates that it
might play a role in the negative outcome and may be a target for therapy [66].

How does the coronavirus itself manage to affect platelets? Some studies suggest
that platelets can be activated by viruses directly [40,46], including the MAP kinase path-
way of intracellular signaling associated with ACE2 [27,45]. Another hypothesis is that
platelet activation is secondary to systemic intravascular coagulation [66], which is well
documented in coronavirus disease (Figure 3). In support of this idea, treatment with
increased cumulative doses of heparin was significantly associated with improvements in
platelet parameters [66]. This is also indicated by data from longitudinal studies, which
show a lack of correlation of platelet status with disease dynamics and viremia and a
very slow normalization of their status in recovering patients compared to parameters of
inflammation and viremia [66]. There is little data on the effect of antiviral treatment on
platelet status [85,86].
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Figure 3. Thrombodynamics assay parameters in the COVID-19 patients grouped based on the
severity and treatment stage. (A) Typical curves of clot size as a function of time, and (B) typical clot
images for the patient groups. Panels (C) and (D) show initial and stationary clot growth rates Vi
and Vs, respectively. NS, not significant; *, p < 0.01. Red symbols indicate bleeding epizodes, blue
symbols indicate thrombotic episodes. Reproduced from [8].

It can be concluded that platelet preactivation in circulation and the formation of
circulating platelet aggregates with other cell types appear to be reliably established in
COVID-19. The pathophysiological significance of these changes has not been well estab-



Int. J. Mol. Sci. 2023, 24, 17291 8 of 20

lished yet. The most recent meta-analyses of multiple clinical trials indicate that antiplatelet
drugs provide little if any benefit in COVID-19 [87], although this may be because existing
drugs focus on the wrong platelet functions. The mechanisms of platelet activation in
the circulation, the functions of preactivated platelets, the association of altered platelet
parameters with the severity of the disease, and their applicability for predicting outcomes
and adjusting therapy require further investigation.

6. Platelet Subpopulations and Mitochondria in COVID-19

The appearance of phosphatidylserine on the outer leaflet of the platelet plasma
membrane differs from “normal” activation and requires a separate discussion since it is
associated with the transition of platelets to a special procoagulant state. Procoagulant
platelets, a hyperactivated subpopulation with high procoagulant activity typically de-
tected when strongly activated by thrombin, collagen, or a combination of both, are an
intriguing mystery in the physiology and pathology of the hemostatic system. It is believed
that their formation occurs through the mechanism of mitochondrial necrosis [88], as a
consequence of overloading some mitochondria with calcium [89]. Although they are not
pre-existing and are formed only during activation, factors such as baseline cytosolic cal-
cium [90] or mitochondrial number [91] may predispose a platelet to become procoagulant.
Procoagulant platelets do not have active integrins but carry a “coat” or “cap” of alpha
granule proteins entangled and cross-linked by transglutaminases in a mesh of fibrin [92],
which allows them to incorporate into thrombi [93]; they are also capable of interacting with
cells of the immune system [94]. Procoagulant platelets are normally rapidly cleared from
the circulation but may be elevated in patients with a systemic activation of hemostasis:
typical examples include immune thrombocytopenia [76] and pre-term infants [95].

Increased levels of procoagulant platelets in COVID-19 [66,96] may play an important
role in the thrombotic complications associated with this disease. In addition, due to
their peculiarities in adhesion surface proteins and cell–cell interactions [94], procoagulant
platelets may play additional roles in viral transport or, conversely, promote virus uptake
by immune cells. Interestingly, the level of activation of platelet caspase-1 and Bruton’s
tyrosine kinase, which are involved in some of the possible pathways for the formation of
procoagulant platelets, correlates with the severity of the disease [97]. Conversely, those
who recovered from mild COVID-19 do not have a procoagulant platelet phenotype, and
their plasma does not activate platelets from healthy donors [98].

What exactly causes procoagulant platelets to appear? The simplest hypothesis is
that it is, in parallel with “normal” activation, induced by thrombin as a consequence of
systemic intravascular coagulation [66]. On the other hand, there is evidence that a fraction
of immunoglobulins in patient plasma is capable of inducing the formation of procoagu-
lant platelets [96]. This raises interesting associations with the platelet phenotype in ITP
(immune thrombocytopenia) [76,99], where preactivation is associated with autoantibodies.
Another proposed mechanism for promoting the formation of procoagulant platelets by the
patient’s immune system is the ability of calprotectin S100A8/A9 (a myeloid cell-secreted
antimicrobial and proinflammatory alarmin that is elevated in COVID-19) to induce the
release of phosphatidylserine in platelets [100]. Finally, the fourth mechanism is the ability
of the SARS-CoV-2 virus Spike protein to directly activate the key chloride channel and
platelet phospholipid scramblase TMEM-16F and thereby induce the formation of proco-
agulant platelets [101]. Identifying which of these mechanisms of procoagulant platelet
induction actually play the leading role may be critical for selecting therapy for the disease.
For example, the first mechanism could be easily controlled by anticoagulant therapy, but
it should not directly affect any of the other three.

In any case, the formation of procoagulant platelets occurs through the mechanism
of cell death and is mediated by mitochondria [89–91]. Their role in the platelet is poorly
understood since all estimates indicate that the glycolytic pathway is sufficient to meet
all platelet energy needs. We know that coronavirus RNA appears to colocalize with
mitochondria [102,103]. There is much speculation about how exactly mitochondria help
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the coronavirus replicate and evade the immune response, but there is little concrete
data [104–106]. On the other hand, there are quite a lot of studies showing that mitochondria
are disrupted during COVID-19 in platelets [107], leukocytes [108], microglia [109], and
cardiomyocytes [110]. In most cases, this is discussed in the context of the long-term
consequences of the disease. However, given the role of platelet mitochondria in the
emergence of procoagulant platelets [89–91], along with their subsequent vesiculation and
the potential importance of their transfer to endothelial cells [64], the involvement of this
phenomenon in the acute phase processes of the disease cannot be excluded.

7. Evolution of Coronavirus and Its Hematological Interactions

As noted above, different variants of the SARS-CoV-2 coronavirus may differ signifi-
cantly in their characteristics of certain interactions. Below we shall briefly formulate the
known data on the evolution of the virus in order to attempt puzzling together the data on
the differences in its hematological manifestations and interactions.

The original Wuhan variant of SARS-CoV-2 changed little during the first half of 2020,
but then new variants began to emerge rapidly [111]. It is now believed that the main
driving forces behind this accelerated evolution were the development of neutralizing
antibodies in the population after the first wave, followed by large-scale immunization.
However, selection based on proliferation rate and ability to penetrate target cells may also
have been important. The vast majority of mutations beneficial to the virus were associated
with its main Spike protein, which is responsible for ACE2 binding [112].

The first milestone in the evolution of the coronavirus was the D614G mutation in
the Spike protein, which contributed to increased cell penetration and infectivity. Interest-
ingly, this mutation was stepped down rather than up from the point of view of avoiding
immunity [111]. This genetic branch (clade) of the virus was not designated as a VOC
(variant of concern) in the World Health Organization classification at the time. However,
it is presently considered fundamental [113].

The first official VOC was Alpha, which emerged in the second half of 2020 in Eng-
land [114] and acquired the E484K mutation in the same Spike protein [115]. Its ability to
transmit between people was 50% higher than that of the wild type virus [116]. The Beta
and Gamma variants emerged later in 2020 in South Africa and Brazil, respectively, and dif-
fered by mutations at positions E484 and K417. As a result, all variants of SARS-CoV-2 with
combinations of mutations N501Y, E484K, K417N/T had impressively reduced sensitivity
to neutralizing antibodies [115].

These regionally successful variants were followed in December 2020 by the Delta
clade, which emerged in India and became dominant globally by mid-2021. The radical
step (which appears to have determined its success) was the P681R mutation in the same
protein at the serine proteinase cleavage point. It unexpectedly turned out to be useful for
fusogenicity: the ability of the virus to fuse infected cells together with neighbors, forming
a giant cell, a syncytium. In general, the fusogenicity of the strains steadily increased with
evolution and reached a maximum in the Delta strain. Quantitative estimates show that its
ability to transfer between people was also almost twice that of Alpha [116]. Delta did not
have any advantages in its ability to evade neutralizing antibodies. This has changed in the
Omicron clade, which completely overhauled the Spike protein [117].

It appears to have emerged in November 2021 in Botswana and South Africa, and
its variants have since become dominant worldwide [115]. They carry dozens of different
mutations in the Spike protein [111], much more than any previous VOC. Omicron’s ability
to evade antibodies against previous clades has improved dramatically. The downside of
the multiple mutations is a marked reduction in infectivity and fusogenicity. The ongoing
evolution of Omicron over the past couple of years has spawned a large number of sub-
variants. Some of them had improved abilities to infect cells, fusogenicity, and suppress
immunity, but so far, any sub-variants of Omicron have been inferior in fusogenicity to any
of the pre-Omicron strains.
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Clinical data on the hematological manifestations of the different clades are not com-
plete. As noted above, the Wuhan variant resulted in a greater number of circulating
CD71+ erythroid progenitors with immunosuppressive properties compared with Delta
and Omicron [25]. Epidemiologically, Omicron is considered several times less lethal and
has weaker manifestations of acute and post-Covid problems than Delta, but is highly
contagious and has a high chance of re-infection [115]. In general, Omicron moves from the
lungs to the bronchi [118]. The frequency of thrombotic events in the Delta strain was 35%
versus 25% in previous strains [119]. The same was shown for the lesser-known Gamma
variant [120]. The incidence of acute limb ischemia doubled with the onset of Delta [121].
An analysis of post-Covid arterial thrombosis in Indian patients revealed an incidence of
4% in Alpha, 15% in Delta, and less than 2% in Omicron [122].

Over the last several months, a wave of studies has focused on the experimental
modeling of platelet activation by variants of the Spike protein. The first study showed that
the spike protein can bind integrins αIIbβ3 (glycoprotein IIb-IIIa) and activate platelets,
with Kappa and Delta having stronger effects relative to the wild type [123]. Protein–
protein interaction studies revealed that platelet integrins bind to the RGD sequences in
the Spike protein of Alpha but not wild type or Omicron [124]. Another study of platelet
interactions with SARS-CoV-2 spike protein variants found no effects [125]. Yet another
found significant effects on platelet activation, with the greatest effect in Delta, slightly
weaker in Alpha, with wild type and Omicron tied for last place [126]. The next work [127]
showed that the wild type caused a threefold increase in integrin activation and P-selectin
expression compared to the resting state, Delta activated them five–sixfold, and Alpha and
one of the Omicron subtypes less than twofold (but another Omicron subtype was close
to the wild type). As discussed above, Delta was also superior to the Wuhan variant in
activating neutrophils.

It seems that three main stages of hematological manifestations can be distinguished:
the Wuhan strain and its pre-Delta versions, the increasingly thrombogenic Delta, followed
by the milder Omicron. Thrombogenic ability appears to correlate with the ability of the
virus to be fusogenic and aerobic, with the ability of its spike protein to bind the ACE2
receptor, activate neutrophils, bind platelet integrins, and activate platelets. Given the
propensity of platelets described above to settle at endothelial cell junctions, one can also
cautiously speculate that this may also contribute to fusogenicity. As another tendency, the
ability to damage RBCs and suppress immunity through erythroid precursors has been
steadily dropping at the Delta level. Unfortunately, we do not have data to relate these
observations with the problems discussed above, such as the ability of the virus to be
carried by platelets or penetrate the endothelium.

8. Endothelium, Blood Coagulation, Neutrophils and SARS-CoV-2

In connection with the above considerations, it seems important to return to the topic
of the endothelium. This time, we should consider it from the opposite point of view: how it
directly and indirectly (through blood coagulation) affects the pathophysiology of COVID-
19. It is important to emphasize that a striking feature of the pathogenesis of COVID-19 is
damage to the blood vessels of the organs that have a special microvascular network: lungs,
brain, kidneys, and bone marrow. This is inextricably linked with thrombohemorrhagic
syndrome, which is extremely difficult to correct and is one of the main causes of death
in severe patients. In fact, the question of the nature of thrombohemorrhagic syndrome
(and disseminated intravascular coagulation) in sepsis of any nature is very complex, but
modern opinion is inclined to believe that the direct initiator of coagulation is the tissue
factor on the inflamed endothelium [128], although some bacteria are capable of activating
blood clotting and platelets by themselves.

Damage to the endothelium by the virus through ACE2 in patients with COVID-19
became obvious in 2020 [129]. Interestingly, experiments in genetically modified mice show
that systemic SARS-CoV-2 infection is most pronounced locally, with platelet and neutrophil
aggregates and endothelial barrier disruption observed in the brain and lungs [130]. It can
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be assumed that interactions of the virus with platelets and their precursors may play a role
in infection and then damage to the endothelium in these places. This infection, in turn,
leads to endothelial activation and disseminated blood coagulation, which then further
activates platelets. At the same time, the interaction of the virus with erythrocyte precursors
leads to defects in the functioning of erythrocytes, manifested in the development of
systemic hypoxia and potentially aiding coagulation.

Another option for activating coagulation is through extracellular traps of neutrophils.
The increased formation of neutrophil extracellular traps has been reported in the blood
of patients [66]. Platelets are able to stimulate neutrophil activation and NET (neutrophil
extracellular trap) formation, and vice versa [131]. In addition to activating coagulation,
the NETs lead to the development of inflammation, epithelial–mesenchymal transition,
and fibrosis in the lungs of patients [132]. The level of NETosis correlates with the severity
of the disease [133]. There is evidence of the direct activation of neutrophils by the Spike
protein, especially the Delta variant [134]. It has also been shown that macrophages can
bind the Spike protein, leading to neutrophil recruitment and damage [135]. This variant
was further enhanced by the direct stimulation of neutrophils with the Spike protein.

Thus, the activation of coagulation, platelets and neutrophils seem to continuously
reinforce each other in COVID-19 according to the following pattern (Figure 4):

(1) The Spike protein activates platelets and neutrophils directly, and the virus also
damages the endothelium leading to blood clotting.

(2) Neutrophil extracellular traps activate platelets and blood clotting.
(3) Platelets activate neutrophils in positive feedback and accelerate or even activate [136]

blood clotting through their procoagulant activity.
(4) Blood clotting acts as a nexus in the network, as it is activated or accelerated by all

three cell types. It further activates platelets in positive feedback. It also acts as the
final executor in the system, as this activation of the coagulation cascade ultimately
appears to be the immediate cause of increased thrombotic risks and organ failure in
COVID-19.
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9. Problems and Their Status

To better illustrate the current state of the art, we summarized it in a systematic table
(Table 1), which includes all alternative hypotheses for each issue and highlights their status
at present.

Table 1. Problems and their status.

Problem Possibilities Current Status

Presence of SARS-CoV-2 in platelets

1. Usually present
2. Present in a significant proportion of patients
3. Present in a subgroup of patients
4. Does not enter platelets

Likely present in a significant
proportion of patients

Putative receptors and other
molecules involved in platelet
binding, entry, and possible
transmission of virus by platelets.

ACE2, TMPRSS2, CD147, NRP-1, CD26, AGTR2,
Band3, KREMEN1, ASGR1, ANP, TMEM30A,
CLEC4G, LDLRAD3, GPIIb-IIIa

Not clear

Ability to replicate in platelets 1. Can
2. Cannot Not likely

The ability to escape from platelets,
or to infect through the absorption
of platelets by other cells along with
the virus

1. Can
2. Cannot Not clear

The significance of the presence of
virus in platelets for the virus

1. The platelet protects the virus from the
immune system
2. The platelet facilitates the transport of the virus.
3. The platelet destroys viruses or contributes to its
damage by the immune system.

Not clear

Pathophysiological significance of
the presence of the virus in platelets
for hemostasis and the body as
a whole

1. Affects important functional changes in platelets
2. Does not affect, or the effect is not clinically
significant

Not clear

Diagnostic significance of the
presence of the virus in platelets

1. It allows for a prediction of the course of the
disease and an adjustment in therapy.
2. It has no prognostic role.

Most studies point to a link
between the presence of the virus in
platelets and more severe forms of
the disease. There is no evidence of
successful therapy correction.

Platelet functional status in
COVID-19

1. Preactivated/at rest
2. Present/absent procoagulant subpopulation
3. Functional responses improved/deteriorated

1. Pre-activated
2. The procoagulant subpopulation
is present
3. The functional status of platelets
is not clear

Mechanism of platelet activation in
COVID-19, mechanism of
procoagulant platelet formation

1. Directly by virus (ACE2 candidates, TMEM-16F)
2. Secondarily, through blood coagulation
3. Secondarily, through the immune system
(immunomodulins, alarmins)

Not clear

Pathophysiological significance of
platelet functional changes

1. Contributes to thrombosis in COVID-19.
2. Contributes to the spread of the virus or other
aspects of the disease.
3. There is no pathophysiological significance.

Pathophysiological significance is
more likely to exist, but the
mechanisms need to be clarified.

Diagnostic significance of platelet
functional changes

1. Platelet function can be a prognostic biomarker.
2. There is no direct connection.

There are contradictions. ECMO
appears to be an important
independent factor in the alteration
of function.
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Table 1. Cont.

Problem Possibilities Current Status

Interaction of the virus with RBCs 1. Interacts with mature RBCs
2. Does not interact

There is no data on such
interactions

Interaction of the virus with
erythroid precursors

1. Interacts
2. Interacts and influences
3. Does not interact

Rather, it interacts, presumably
through ACE2. Stimulates
reproduction.

Pathophysiological and diagnostic
significance of the effect
on erythrocytes

1. Appearance of immature forms of erythrocytes.
2. Anisocytosis
3. Filtration defects

Pathophysiologically significant,
there are associations of erythrocyte
status with disease severity
and prognosis.

The presence of SARS-CoV-2 has been remaining a point of controversy for quite some time,
but the recent evidence with highly sensitive RNA assays and electron microscopy [46,49,137]
strongly tilts the balance towards the view that SARS-CoV-2 is present in the platelets
of a significant fraction of patients or even the majority, especially with severe forms of
COVID-19. Importantly, in addition to platelets themselves, their precursors may be an
important target of the virus.

On the contrary, contradictions remain on the subject of how exactly it goes there.
The canonic ACE2 entry has not yet been either proven or ruled out, and most likely
there are alternative entry routes in any case [19,25,40,41,44,48,124]. It is interesting to
note that the early cell-based studies on SARS-CoV-2 entry mechanisms [40–42,45,48] and
recent studies on platelet interactions with recombinant Spike proteins focusing on platelet
activation [123–127] appear to represent two different strategic approaches with different
results. Their combination might shed light on both issues of entry and platelet activation
by the virus.

While the virus cannot replicate in platelets, we cannot exclude the possibility of its exit
from platelets, either directly or through the absorption of platelets and their microparticles
by other cells [49]. The alternative possibility that the interaction with platelets has the
opposite significance and actually contributes to the neutralization of the virus also has
solid evidence behind it [47], and this requires further research.

Going back to the more reliable aspects, systematic changes in platelet function in
COVID-19 can be considered well established. The researchers generally agree that throm-
bocytopenia is common but not severe (unless ECMO is used) and that platelets circulate
in a pre-activated state, with at least some of them in an “over-activated” procoagulant
(necrotic) state [39,40,45,66–71], and some in aggregates with other cells [45,67,70,72–74].

Nonetheless, the mechanisms of this activation are still being determined and may
include direct interactions with the virus (most likely via integrins), secondary activation
by blood clotting, or secondary activation by the immune system. This subject is extremely
unclear and strongly clade-dependent. We might carefully speculate that all these pathways
are real and possible, but identifying the significance of each requires an extremely compre-
hensive study, complicated all the way by ongoing viral evolution. Still, such identification
may turn out to be a clue for innovative treatment approaches whose significance goes
beyond COVID-19.

There are reasons to believe that these platelet changes play a pathophysiological
role, at least in the increased risk of thrombus formation in COVID-19. Given the recent
breakthrough in the role of platelets in the regulation of vascular integrity, immunity, and
cell proliferation, the role of platelet–virus interactions in other aspects of pathophysiology,
including inflammatory positive feedback or syncytium formation, cannot be excluded.
However, extensive clinical studies are required to reliably use this for diagnostic or
therapeutic purposes.

Unlike platelets, mature RBCs are not likely to be an attractive target for SARS-CoV-2,
but erythroid precursors are. As a result of this (and also, most likely, of the general
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state of the disseminated activation of hemostasis and cytokine storm), the erythrocytes
of patients are significantly changed. They circulate in an immature form, carry little
hemoglobin, are heterogeneous, and have filterability defects. All of these are likely to
play an important role in the pulmonary problems of COVID-19 and may also contribute
to other pathophysiological aspects, first of all thrombosis. The diagnostic significance
of changes in patients’ erythrocytes already seems to be reliably established, while the
possibility of specific therapy correction deserves the most serious discussion.

A critical aspect of these issues that is now coming to the fore as the virus evolves
is the influence of the clade. It is the most poorly studied, but there is a feeling that the
pathophysiologically critical interactions of SARS-CoV-2 with blood cells have changed
very much in the newer clades compared to the classic Wuhan virus. We see that some of
the pathological aspects of the disease disappear as mutations occur. On the one hand, this
improves the prognosis; on the other hand, some of the drugs that were important in the
early stages of the pandemic may become useless or even harmful.

10. Conclusions

RBC progenitors, but not RBCs, are infected by SARS-CoV-2, which affects RBC quality
with important consequences for oxygen transport and, probably, thrombosis. Platelets
and their precursors are both infected by SARS-CoV-2 and are activated by it directly or
indirectly. This is likely to contribute to thrombosis and inflammation and may also affect
virus transport and recognition by the immune system.
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