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Summary 
Objective: to clarify the pathogenesis of ischemic stroke in infectious diseases of the lower respiratory tract. 
Material and methods. We searched the PubMed database for original research articles, clinical reports, 

review articles, editorials, commentaries, and short communications published before June 25, 2025. Addi-
tional studies that were not captured through the primary database search were analyzed after manually ex-
amining the reference lists of the selected articles. Articles were selected based on the relevance of the title 
and abstract to the purpose of this review. Data from 160 sources were included in the analysis. 

Results. We have identified and analyzed in detail the mechanisms of ischemic stroke development in res-
piratory infections: activation of the coagulation system and disruption of natural anticoagulant and fibri-
nolytic mechanisms (1); interaction of the hemostasis system with innate immunity (2); the effect of infectious 
agents on the progression of atherosclerosis and the stability of the atherosclerotic plaque (3); the formation 
of thromboemboli in the pulmonary veins (4). 

Conclusion. Both bacterial and viral infections can initiate a procoagulant state mediated by tissue factor, 
von Willebrand factor, platelet activation, neutrophil extracellular traps and decreased activity of endogenous 
anticoagulants. The infectious process localized in the lungs, characterized by damage to the pulmonary vas-
cular endothelium, alveolocytes, intraalveolar fibrin deposition, edema, cellular infiltration, in concert with 
hemostasis alterations create conditions for the formation of thrombi in the pulmonary vessels. Thus, the pul-
monary veins and venules can be a source of cerebral thromboembolism. This mechanism of thromboembolic 
stroke development largely explains causes of acute cerebrovascular events in patients with lower respiratory 
tract infection without cardiovascular risk factors. Another mechanism of ischemic stroke is associated with 
direct or indirect effects of pathogens on the stability of atherosclerotic plaques in cerebral vessels, which, to-
gether with systemic procoagulant imbalance, leads to the formation of atherothrombosis. Given the signifi-
cant pathogenetic relationship between acute infectious lung diseases and thromboembolic and atherothrom-
botic strokes, clinical alertness regarding acute cerebrovascular events should be included in monitoring and 
management of such patients. 
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Introduction 
Understanding the relationship between acute 

cerebrovascular accidents (CVA), one of the leading 
causes of death worldwide, and lower respiratory 
tract infections, the leading cause of death among 
infectious diseases, is of global public health sig-
nificance. The hypothesis linking acute infectious 
diseases and stroke emerged in the late 19th century, 
based on the first works of P. Marie and S. Freud [1], 
devoted to the problem of stroke in children. In 
1930, S. Collins et al. first noted a link between sea-
sonal influenza activity and mortality from cardio-
vascular diseases [2]. Data on the increased risk of 
ischemic stroke and myocardial infarction in respi-
ratory infections, obtained on the basis of an analysis 
of large patient databases [3–5], as well as a number 

of modern publications on ischemic stroke in chil-
dren associated with a preceding bacterial or viral 
infection, confirm the previously formulated hy-
potheses [6–10]. Infection, particularly respiratory 
infection, has been considered as a trigger for is-
chemic stroke in both elderly and young patients 
and children [11–13]. 

The significance of this problem has become 
especially evident during the COVID-19 pandemic, 
which is confirmed by a large number of published 
clinical reports of acute cerebrovascular accidents 
in patients hospitalized with the diagnosis of 
COVID-19. According to A.  E.  Merkler et al., ap-
proximately 1.6% of patients admitted to the emer-
gency department or hospitalized with COVID-19 
experienced ischemic stroke, which was incidence 
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was significantly higher than in patients with in-
fluenza  [14]. In contrast, a study by Ward et al. 
demonstrated a similar risk of ischemic stroke in 
COVID-19 and influenza [15]. According to W. Luo 
et al., the prevalence of ischemic stroke in COVID-19 
was 2%  [16]. Similar results were obtained by us 
when analyzing fatal COVID-19 cases based on au-
topsy reports  [17–18]. However, it is necessary to 
take into account the high heterogeneity of studies 
published during the pandemic [19]. 

Various pathogenetic types of strokes have 
been described in patients with respiratory infections. 
Wang et al. showed a high risk of predominantly is-
chemic stroke (atherothrombotic and cardioembolic) 
in patients with a recent respiratory tract infec-
tion [20]. M. C. Zurrú et al. found that recent respi-
ratory tract infections were significantly associated 
with atherothrombotic stroke  [21]. According to 
A.  Paganini-Hill et al., respiratory tract infection 
increases the risk of cardioembolic ischemic stroke, 
even in patients without cardiovascular risk fac-
tors  [22]. It should be noted that cardioembolic 
stroke was not associated with infective endocarditis 
in the mentioned studies. 

Despite a large number of studies, data on a 
direct causal relationship between stroke and res-
piratory infectious diseases remain contradictory 
to this day [23]. For example, in a study by T. G. Beach 
et al., aimed at comparing the frequencies of ischemic 
and hemorrhagic strokes in patients with pneumonia 
confirmed at autopsy and without pneumonia, sim-
ilar risks of stroke were demonstrated for patients 
in both groups [24]. 

The mechanisms linking acute respiratory in-
fections and stroke have not been fully addressed 
in many studies published on this topic. The lack 
of a clear understanding of the pathogenesis of this 
association was particularly noticeable in studies 
conducted during the COVID-19 period. Increased 
interest in the properties of the Sars-CoV-2 virus 
and the molecular mechanisms of COVID-19 com-
plications, without regard to morphological and 
pathological studies, has led to a focus on the «cy-
tokine storm» and the «unique» neuroinvasive and 
epitheliotropic properties of the virus, interpreting 
most findings as specific to COVID-19. However, 
most hypotheses regarding the pathogenesis of 
stroke in COVID-19 have already been described in 
the context of other respiratory infections and are 
not unique to this infection. The uncertainty and 
inconsistency of data regarding the causal relation-
ship between ischemic stroke and respiratory in-
fections are largely due to an insufficient under-
standing of the pathogenesis of thrombi or throm-
boemboli that cause cerebral vascular occlusion. 

The aim of the review was to clarify the patho-
genesis of ischemic stroke in infectious diseases of 
the lower respiratory tract. 

Material and Methods  

To identify studies relevant to the aim of the 
review, a literature search was conducted in PubMed 
using the combinations listed in Table 1. Additional 
sources not identified through the primary database 
search were analyzed after examining the reference 
lists of the selected articles. 

Results 
Based on data from 160 sources, the mecha-

nisms of ischemic stroke development in respiratory 
infections were identified, requiring detailed con-
sideration and systematization: 1) activation of the 
blood coagulation system and disruption of natural 
anticoagulant and fibrinolytic mechanisms; 2) in-
teraction of the hemostasis system with innate im-
munity; 3) the impact of infectious agents on the 
progression of atherosclerosis and the stability of 
atherosclerotic plaque; 4) formation of thromboem-
boli in the pulmonary veins. 

Activation of the blood coagulation system. 
The lungs are involved in the regulation of the he-
mostatic system in both physiological and patho-
logical conditions [25]. In pneumonia, inflammation 
and hemostasis are components of the host’s anti-
bacterial defense. Disruption of natural anticoagulant 
and fibrinolytic mechanisms has been described in 
detail in acute respiratory distress syndrome (ARDS), 
severe pneumonia, and sepsis [26, 27]. Some studies 
indicate hemostatic disorders in patients with mod-
erate and even mild lower respiratory tract dis-
eases [28, 29]. In a study by Milbrandt et al. aimed 
at studying blood coagulation markers in patients 
with community-acquired pneumonia over time, it 
was shown that hemostatic disorders (changes in 
D-dimer and thrombin-antithrombin complex [TAT] 
levels) were observed and progressed both in patients 
with severe disease and in patients with mild, 
disease without complications [30]. 

Based on the clot waveform analysis data 
(CWA — clot waveform using a modified activated 
partial thromboplastin time (APTT) analysis based 
on continuous recording of changes in the optical 
density of the test sample, Tan et al. showed that 
bacterial infections lead to a general prothrombotic 
state, while common respiratory viral infections do 
not have a significant effect on CWA parameters [31]. 
Studies assessing the effect of lipopolysaccharide (LPS) 
on hemostasis have noted activation of the Hageman 
factor, an increase in the content of von Willebrand 
factor, an increase in the activity of plasminogen ac-
tivator inhibitor, and a decrease in the activity of 
tissue plasminogen activator [32, 33]. Procoagulant 
imbalance in patients with community-acquired 
pneumonia was noted not only during the disease 
but also during convalescence [34]. 

Activation of the tissue factor-thrombin path-
way. The role of tissue factor (TF) in the pathogenesis 
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of respiratory infectious diseases and ARDS is given 
special attention, since TF is one of the main 
initiators of procoagulant activity during tissue al-
teration and inflammation  [35–37]. TF is a trans-
membrane glycoprotein expressed by fibroblasts, 
vascular smooth muscle cells, mononuclear cells, 
and endothelial cells [38–40]. Under physiological 
conditions, TF comes into contact with blood and 
circulating coagulation factors only after vascular 
damage [41, 42]. TF activates the blood coagulation 
factor F VII to F VIIa. The TF-FVIIa complex promotes 
the additional formation of FVIIa from FVII and ac-
tivates coagulation factors X and IX  [43]. TF-de-
pendent coagulation generates thrombin and in-
duces pleiotropic cellular effects of thrombin on 
platelets via protease-activated receptors (PARs) [44]. 

Morphological immunohistochemistry (IHC) 
studies showed intense TF staining in alveolar ep-
ithelial cells, alveolar macrophages, and hyaline 
membranes of the lungs of patients with ARDS. In 
contrast, weak TF expression was observed in the 
lungs of control patients [45]. Exposure of alveolar 
cell cultures to edema fluid from patients with 
ARDS was accompanied by a dose-dependent and 
time-dependent TF expression. TF production 
during pulmonary infection is suggested to be me-
diated by tumor necrosis factor α (TNF-α) and in-
terleukin-1β (IL-1β) [46]. 

TF was detected in the bronchoalveolar lavage 
(BAL) of patients with bacterial pneumonia  [47]. 
Experimental studies indicate that bacterial antigens, 
both gram-positive and gram-negative, can directly 
activate the coagulation system [48, 49]. Broncho-
scopic instillation of lipoteichoic acid (LTC), the 
main component of the membrane of gram-positive 
bacteria, and instillation of lipopolysaccharide (LPS) 
in healthy volunteers were shown to induce proco-
agulant changes in the human bronchoalveolar 
space. The authors explained the identified features 
of LTC- and LPS-induced lung inflammation by the 
action of LTC and LPS on various toll-like receptors, 
TLR2 and TLR4, respectively. The release of soluble 
TF in BAL was noted upon exposure to both LTC 
and LPS. However, increased TF mRNA expression 
in alveolar macrophages was associated with LTC 
but not LPS exposure [50–52]. 

The role of TF in viral infections is supported 
by studies that have revealed TF expression during 
infection of various cell types, including pulmonary 
epithelial and endothelial cells and monocytes [53, 
54]. Furthermore, TF expression in endothelial cells 
is induced by activation of TLR3 (toll-like receptor 
3), a pattern recognition receptor that detects sin-
gle-stranded RNA  [55]. Angiotensin II can also 
induce TF expression in vascular smooth muscle 
cells and endothelial cells [56]. RNA viruses penetrate 
cellular endosomes, stimulate endosomal formation 
and activation of NADPH oxidase complexes through 
RNA-sensitive toll-like receptors, inducing TF ex-
pression  [57]. On the one hand, initiation of the 
procoagulant cascade may promote thrombosis, 
and on the other hand, TF-dependent activation of 
coagulation is part of the host’s innate immune re-
sponse to viral infection, which helps prevent in-
trapulmonary hemorrhage, as evidenced by an in-
crease in alveolar hemorrhage with a genetic decrease 
in TF in epithelial cells [56]. 

Increased TF expression in ARDS, pneumonia, 
and ventilator-induced lung injury is associated 
with hypercoagulation and thrombus formation in 
the pulmonary vascular bed, as well as interalveolar 
fibrin deposition [47, 58–60]. Given the data indi-
cating an elevated level of circulating TF as a 
potential risk factor for the development of ischemic 
stroke [61], and also taking into account the role of 
circulating TF on monocytes and cellular TF-positive 
microvesicles in thrombus formation after rupture 
of atherosclerotic plaques [62], TF should be con-
sidered as a component of the pathogenesis of is-
chemic stroke in respiratory infections. 

Violation of natural anticoagulant and fibri-
nolytic mechanisms. Endothelial cells play a key 
role in maintaining intravascular patency due to 
their anticoagulant properties. They provide a fa-
vorable environment for plasma anticoagulant pro-
teins, including antithrombin, tissue factor inhibitor, 
and protein C. Infectious diseases impair the anti-
coagulant properties of endothelial cells. Endothelial 
cells synthesize heparan sulfate, a component of the 
glycocalyx, which binds and potentiates anticoagulant 
plasma proteins, including tissue factor pathway in-
hibitor (TFPI) and antithrombin  [63]. Endothelial 

Table. Word combinations used for the PubMed database search strategy . 
Keyword combinations 

((pneumonia) OR (respiratory infection)) AND (stroke) 
((acute respiratory distress syndrome) OR (ARDS)) AND (stroke) 
((pneumonia) OR (respiratory infection)) AND (embolic stroke) 
(((infection respiratory) OR (pneumonia))) AND (coagulation) 
(((infection respiratory) OR (pneumonia))) AND (hemostasis) 

((platelets) AND (stroke)) AND (infection) 
((pneumonia) OR (respiratory infection)) AND (atherosclerosis) 

((pneumonia) OR (respiratory infection)) AND (biomarkers) 
((pneumonia) OR (respiratory infection)) AND (pathogenesis) AND (thrombosis) 

(thrombosis) OR (immunothrombosis) OR (immunothrombosis) OR ((thromboinflammation) AND (pneumonia)) 



cells also produce thrombomodulin, which, by binding 
to thrombin, converts it from a procoagulant to an 
anticoagulant, activating anticoagulant protein C [64]. 
Activated protein C (APC), together with cofactor 
protein S, inactivates factors FVa and FVIIIa. In ad-
dition, endothelial cells synthesize and release tissue 
plasminogen activator (tPA), potentiating plasmin-
mediated fibrinolysis in the vascular bed [63, 65]. 

Tissue factor pathway inhibitor (TFPI) is a 
central endogenous regulator of TF-thrombin path-
way activity. This glycoprotein is produced primarily 
by endothelial cells and platelets. TFPI directly in-
hibits factor Xa forming the Xa-TFPI complex, which 
subsequently inhibits the TFVIIa complex [43]. The 
highest amount of TFPI mRNA is reported to be ex-
pressed in the human lung, while the lowest is ex-
pressed in the brain [66]. In the lung, TFPI is localized 
along the alveolar septa and in the alveolar epithe-
lium, suggesting that decreased TFPI activity may 
play a significant role in coagulation disorders in 
the context of lung injury [67, 68]. The exact physi-
ological mechanisms responsible for the decreased 
TFPI activity observed during infections are unclear. 
One common hypothesis is that TFPI is cleaved by 
endogenous or pathogen-derived proteases. Cleavage 
of TFPI by leukocyte elastase has been described [69]. 
A study by T. H. Yun et al. presented a mechanism 
for proteolytic inactivation of TFPI by omptins, the 
outer membrane aspartyl proteases of gram-negative 
bacteria, which, according to the authors, contributes 
to increased pathogen virulence  [70]. However, 
S. Massberg et al. consider local proteolysis of TFPI 
by serine proteases and extracellular nucleosomes 
as part of the host’s antimicrobial defense, promoting 
compartmentalization of bacteria in blood vessels 
with a resulting decrease in tissue invasion [71–72]. 

Elevated TFPI levels have been found in the 
lavage fluid of patients with ARDS or pneumonia [73]. 
However, the relationship of increased TFPI levels 
and decreased TFPI activity with coagulation remains 
unclear. To examine the effects of endogenous TFPI 
levels on coagulation, inflammation, and bacterial 
growth during S. pneumoniae pneumonia, F. E. Van 
Den Boogaard et al. conducted studies in genetically 
modified TFPI-deficient mice and in wild-type mice 
administered with a neutralizing anti-TFPI antibody. 
The results of the study refuted a significant role 
for endogenous TFPI in the antibacterial, inflam-
matory, and procoagulant responses in pneumo-
coccal pneumonia, as none of the low TFPI groups 
showed altered procoagulant responses in the lungs 
or plasma during pneumonia [68]. 

J. A. Bastarache et al. suggested that although 
alveolar epithelial cells produce TFPI, the amount 
of this endogenous protein is insufficient to block 
the increased procoagulant activity of TF during 
inflammation [67]. Data from other studies also in-
dicate that the increased procoagulant activity ob-

served in various lung diseases is not counterbal-
anced by TFPI  [73, 74]. Of clinical significance is 
that the recombinant TFPI (rh-TFPI) showed no 
beneficial effect in patients with severe communi-
ty-acquired pneumonia [75]. 

The role of plasma TFPI in the development 
of cardiovascular diseases has not been determined, 
despite the fact that in atherosclerotic plaques TFPI 
is localized together with TF, where it is believed to 
suppress TF activity [76]. 

Thrombomodulin (TM) is a transmembrane 
glycoprotein found primarily on endothelial cells, 
but also found in immune cells, vascular smooth 
muscle cells, keratinocytes, and alveolar epithelial 
cells of the lung. TM is a potent anticoagulant that 
binds to thrombin and then deactivates it, triggering 
the anticoagulant cascade [77]. Thrombin interacts 
with thrombomodulin (TM), thereby mediating the 
activation of protein C, which binds to the endothelial 
cell protein C receptor (EPCR) [78, 79]. Transcriptional 
expression of TM occurs in high amounts in the 
vessels of the heart, pancreas, and lungs, and to a 
lesser extent in the brain [66]. 

It has been shown that TM (sTM) increases in 
blood plasma in community-acquired pneumonia, 
COVID-19, and mycoplasma pneumonia, and that 
TM level examination has prognostic value [80–82]. 
The informative value of sTM in relation to thrombotic 
risk in patients with COVID-19 has been noted [83]. 

A study by A. W. Rijneveld et al. on mice with a 
mutation in the TM gene (TM pro/pro) was aimed 
at elucidating the pathogenetic role of TM in bacterial 
pneumonia. Bacterial pneumonia was associated 
with fibrin deposits in the lungs, inflammatory in-
filtrates, and an increase in thrombin-antithrombin 
complexes in bronchoalveolar lavage fluid in both 
TM pro/pro mice and mice without the mutation. 
This data, according to the authors, indicates that 
the ability of TM to generate APS does not play an 
important role in the pulmonary response to respi-
ratory pathogens or LPS [84]. 

Based on studies showing high levels of soluble 
thrombomodulin in pulmonary inflammation, it 
can be assumed that the release of thrombomodulin 
from the cell surface contributes to protein C de-
ficiency [60, 85]. 

Impaired production and/or activation of pro-
tein C is another potential mechanism leading to 
thrombosis in pneumonia [86]. Relative deficiency 
of APS may be due to increased consumption and 
enhanced degradation of protein C by neutrophil 
elastase [87]. It should be taken into account that, 
although some APS is detected in bronchoalveolar 
fluid, the lungs are capable of producing only a 
small amount [88]. Since the main synthesis of APS 
occurs in liver cells, a decrease in its content in 
blood plasma may be due to liver cell damage due 
to tissue hypoxia caused by respiratory failure [89]. 
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Ware et al. showed that in patients with ARDS, 
plasma APC concentrations were reduced, while 
plasminogen activator inhibitor type 1 (PAI-1) levels 
were increased, compared to a control group of pa-
tients with cardiogenic pulmonary edema [90]. Low 
APC and high PAI-1 concentrations associated with 
increased mortality in patients with ARDS [91]. Rel-
atively low protein C activity was noted in 
COVID-19 [92]. Increased APC expression was shown 
to enhance host defense during experimental pneu-
mococcal pneumonia [93]. 

T. Won et al. studied the expression of TM and 
endothelial protein C receptor (EPCR) in the lungs, 
kidneys, and hearts of patients who died from 
COVID-19. A significant difference between the 
control group and the group of patients who died 
from COVID-19 was a decrease in the expression of 
TM and EPCR in the lungs [77]. 

In scientific literature, there is data on impaired 
fibrinolysis and decreased protein C activation as 
hemostatic risk factors for cerebral infarction. The 
findings of the case-control study by R. F. Macko et 
al. indicate that protein C dysfunction and endoge-
nous fibrinolysis may contribute to an increased 
risk of cerebral infarction after a recent (�1 week) 
infection [94]. 

When analyzing hemostasis mechanisms in 
infectious diseases, genetic predisposition to throm-
bosis should be taken into account. Single nucleotide 
polymorphisms of protein C, factor V (e. g., the 
Leiden mutation), and plasminogen activator in-
hibitor-1 have been found to be associated with an 
increased risk of deep vein thrombosis, pulmonary 
embolism, acute myocardial infarction, and 
stroke [95]. Therefore, a personalized approach to 
assessing the risk of thrombotic complications of 
infectious respiratory diseases is necessary. 

Interaction of the hemostasis system and in-
nate immunity. Since the onset of the COVID-19 
pandemic, the previously existing terms «throm-
boinflammation» and «immunothrombosis» have 
gained widespread popularity and prevalence. The 
first mentions of «thromboinflammation» date back 
to the 1990s in experimental studies on cerebral air 
embolism models. It has been suggested that damage 
to the cerebral vascular endothelium results from 
secondary reactions involving the interaction of air 
emboli with blood elements (platelets, leukocytes), 
fibrinogen, and the endothelium, leading to local 
fibrin accumulation, as well as platelet and leukocyte 
adhesion to the endothelium. Thus, to describe the 
process of thrombus formation with a pronounced 
cellular reaction, the authors used the term «throm-
boinflammation» [96]. 

Later, with the emergence of a large amount of 
evidence of the involvement of the immune system, 
in particular proteins of the complement system, in 
the process of thrombus formation, the preconditions 

arose for the introduction of a term encompassing 
the interaction of the immune system and hemo-
stasis [97]. Thus, in 2013, the term «immunothrom-
bosis» appeared  [98]. These terms are most often 
used in studies devoted to the pathogenesis of pul-
monary artery thrombosis in ARDS. However, the 
interaction of the hemostatic system and innate 
immunity is an integral component of thrombus 
formation, which was studied even before the ap-
pearance of the term «immunothrombosis» [99–102]. 

Neutrophil extracellular traps, von Willebrand 
factor, ADAMTS-13. The association of acute infec-
tions with an increased risk of thrombotic compli-
cations, including ischemic stroke, has recently been 
increasingly explained by mechanisms of innate 
immunity, in particular, special attention is paid to 
neutrophil extracellular traps (NETs)  [103]. Neu-
trophils are known to kill invading microorganisms 
using two strategies: phagocytosis and degranula-
tion  [104]. In a study by O. Porembskaya et al., in 
rats with normal neutrophil counts and neutropenia, 
showed that no thrombi were detected in the pul-
monary artery in animals with neutropenia. Neu-
tropenia caused a significant decrease in the size of 
the thrombus in the inferior vena cava and slowed 
the transition from fresh fibrin to mature fibrin and 
connective tissue within the thrombus [105]. 

NETosis is one of the mechanisms of neutrophil 
involvement in thrombosis. Brinkmann et al. first 
reported NETosis as an antimicrobial strategy of 
neutrophils, through which a mesh-like structure 
of chromatin with histones and granular proteins 
is released from neutrophils into the extracellular 
space to capture and destroy bacteria and protect 
the host from infection [106]. 

S. Massberg et al. showed that serine proteases, 
neutrophil elastase and cathepsin G, promote co-
agulation and thrombus formation by inducing 
TF-factor XII-dependent coagulation and suppress-
ing endogenous anticoagulants  [71]. Extracellular 
DNA derived from NETs mediates thrombin gener-
ation in an FXII- or FXI-dependent pathway. Histones 
induce thrombin generation in platelet-rich plasma 
(PRP) by activating platelets through TLR2 and 
TLR4  [107]. Furthermore, histones, especially H4, 
directly interact with platelets and activate integrin α 
IIb β3 on the platelet surface, inducing subsequent 
fibrinogen-mediated platelet aggregation [108]. 

Uncontrolled NET formation can lead to en-
dothelial cell damage indirectly through NET-asso-
ciated proteases, defensins, and histones. Endothelial 
damage and the release of von Willebrand factor 
(VWF) from Weibel-Palade bodies contribute to 
thrombus formation. 

VWF is produced and secreted by endothelial 
cells, megakaryocytes, and platelets. The majority 
of VWF (80–90%) in plasma is produced by en-
dothelial cells. VWF recruits circulating platelets at 



sites of vascular injury and mediates subsequent 
platelet activation and aggregation  [109]. VWF 
activity is size-dependent. Ultra-large VWF multimers 
(UL — VWF), released by endothelial cells in response 
to endothelial-damaging factors, can spontaneously 
recruit excess circulating platelets and other blood 
cells, promoting thrombosis [110]. 

ADAMTS metalloprotease 13 (a disintegrin 
and metalloproteinase with thrombospondin type 
1 motif, member 13) specifically cleaves the Tyr 
1605- Met 1606 bond in the VWF domain A2 regu-
lating the size and activity of VWF multimers, pre-
venting thrombus formation  [111]. VWF directly 
binds and immobilizes extracellular DNA released 
from leukocytes [112]. Since NETs and VWF are in-
volved in the inflammatory process, the interaction 
between NETs and VWF may contribute to the de-
velopment of thrombosis in infectious diseases. An 
increase in NETs reduces ADAMTS13 activity, pro-
moting the formation of UL-VWF, which leads to 
the formation of a vicious circle [113]. 

NETs are very large structures and may con-
tribute to thrombus stability similar to von Wille-
brand factor (VWF) and fibrin. In vitro studies have 
shown that NETs provide a thrombolytic-resistant 
scaffold for blood clots [114]. Individual DNA and 
histones have been shown to have a more pro-
nounced procoagulant effect than intact NETs [115]. 

An increase in the VWF factor content in com-
bination with a decrease in the ADAMTS-13 content 
in blood plasma has been observed in respiratory 
infectious diseases of both viral and bacterial eti-
ology  [34]. The imbalance between VWF and 
ADAMTS-13 is explained by a relative deficiency 
of ADAMTS-13 due to a significant increase in the 
VWF level [116]. Thus, in patients with COVID-19, 
such an imbalance led to the appearance of large 
VWF multimers, which was associated with a high 
thrombotic risk  [117, 118]. The important role of 
VWF in the development of thrombosis in COVID-19 
is confirmed by significantly more intense im-
munohistochemical (IHC) staining of VWF in the 
pulmonary vascular endothelium in patients with 
thrombotic complications than in patients without 
thrombotic complications [119]. 

Patients with hospital-acquired pneumonia 
also exhibit a procoagulant imbalance, in particular 
the VWF/ADAMTS13 ratio was higher in patients 
with pneumonia than in healthy study partici-
pants [34]. The ability of Streptococcus pneumoniae, 
the most common causative agent of pneumonia, 
to induce Weibel-Palade body exocytosis and the 
release of VWF and interleukin 8 (IL-8) from pul-
monary endothelial cells has been reported  [120]. 
Staphylococcus aureus infection has been shown to 
be associated with an increase in NETs and VWF 
content, as well as a decrease in ADAMTS13 activi-
ty [121]. Considering that patients with severe acute 

respiratory infections may require artificial ventilation 
(AV), which in itself is associated with many com-
plications, including thrombotic ones [122, 123], it 
is necessary to take into account studies that have 
shown an increase in VWF expression in the en-
dothelium of patients on mechanical ventilation [124]. 

The role of NETs was noted in the pathogenesis 
of cardiovascular diseases, in particular in the for-
mation of atherosclerotic plaques, arterial and 
venous thrombosis, as well as in the development 
and progression of aneurysms [125]. A significant 
increase in NETs markers was found in plasma of 
patients with ischemic stroke [126]. 

Excess neutrophils and NETs are observed in 
almost all thrombi obtained from patients with is-
chemic stroke [127]. Experimental targeting of NETs 
with DNase I or Cl-amidine significantly inhibited 
arterial thrombosis and improved stroke out-
come  [128]. Experiments in In vitro studies have 
shown that the addition of extracellular DNA and 
histones to fibrin increases the thickness, rigidity 
and stability of the fibrin network, making throm-
bolysis more difficult [129]. 

A study by R. B. Patel et al. confirmed the role 
of VWF-ADAMTS13 imbalance in stroke severity in 
respiratory infections in an experimental setting. 
Thus, Vwf -/- deficient mice infected with S. aureus 
or SARS-CoV-2 showed a reduced number of infarcts 
and improved functional outcomes, while infected 
Adamts13 -/- deficient mice showed greater stroke 
severity  [130]. A study in patients also confirmed 
the effect of SARS — CoV -2 infection preceding is-
chemic stroke on coagulation and NETosis bio-
markers, leading to an imbalance in the VWF  — 
ADAMTS 13 axis [131]. 

Platelet activation. The complex interaction 
between NETs and platelets, characterized by the 
ability of NET components to enhance platelet ag-
gregation and activation, which, in turn, under certain 
conditions, can activate neutrophils to form NETs [132]. 
A wide range of functional Pattern Recognition Re-
ceptors (PRR) receptors are present on the platelet 
surface, including TLR and Fc receptors. In response 
to pathogen invasion, activated platelets release their 
granules containing various immunomodulatory and 
antimicrobial molecules that either promote the 
differentiation and activation of immune cells or can 
directly kill pathogens  [133]. Platelets have been 
shown to interact with Gram-negative and Gram-
positive bacteria. LPS enhances the platelet response 
through interaction with TLR4 [134]. 

M. Mirsaeidi et al. showed an independent as-
sociation of thrombocytosis with increased length of 
hospital stay and mortality in patients with commu-
nity-acquired pneumonia  [135]. Increased platelet 
reactivity and activation compared to controls was 
noted in patients with viral respiratory infections, in-
cluding COVID-19  [136, 137]. P.  D.  McMullen et al. 
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performed an immunohistochemical study of autopsy 
material from the lungs of patients who died from 
COVID-19, influenza, bacterial and fungal infections 
using antibodies to CD 61. Almost all samples showed 
an increase in the area of CD 61 IHC staining compared 
to control lung tissue. The area of CD 61 staining in 
COVID-19 infection was higher than in influenza, 
but still comparable to many other infectious diseases. 
The highest area of CD 61 staining was observed in 
cases of aspiration pneumonia, Staphylococcus aureus 
infection, and blastomycosis [138]. 

The role of infections in the development of 
atherothrombosis and atherosclerotic plaque in-
stability. The hypothesis suggesting a pathogenetic 
link between infection and atherosclerosis has 
existed for quite some time. It is believed that both 
viral and bacterial pathogens may be associated 
with the development and progression of athero-
sclerosis, as well as with disruption of atherosclerotic 
plaque stability [139]. Given the high prevalence of 
atherosclerosis, understanding the mechanisms by 
which infection influences existing atherosclerotic 
vascular changes in patients is important. We pre-
viously showed that COVID-19 patients who died 
from ischemic stroke had severe cardiovascular co-
morbidity, in particular atherosclerosis and stenosis 
of the arteries of the base of the brain [17, 140]. 

The most compelling evidence for a link be-
tween atherosclerosis and infections is presented 
in relation to Chlamydia pneumoniae. R. Ezzahiri 
et al. described increased T-cell infiltration and ath-
erosclerotic plaque progression in Chlamydia pneu-
moniae infected hypercholesterolemic mice [141]. 
Currently, plaque progression is not considered to 
be a continuous process. Therefore, it is proposed 
that repeated infections throughout life are associated 
with multiple episodes of increased T cell infiltration, 
which contributes to plaque composition remod-
eling. Chlamydia pneumoniae bacterial antigens 
persist in tissues and remain accessible to immuno-
competent cells, which is accompanied by a cellular 
response for at least 4 weeks. T cell lines derived 
from carotid artery plaques showed antigen speci-
ficity for chlamydial antigens in approximately 50% 
of plaques [142]. A comparative study of the walls 
of the aorta, coronary, and basilar arteries revealed 
intra- and extracellular deposition of Chlamydia 
pneumoniae in unstable atherosclerotic plaques, 
which were characterized by infiltration of the cap 
and intima adjacent to the atheromatous core, and 
infiltration by mononuclear cells, primarily T cells. 
Chlamydia pneumoniae was not detected in the 
intima of unchanged areas of the vascular wall, 
and insignificant amounts were detected in stable 
atherosclerotic plaques [143]. 

Pneumonia caused by Streptococcus pneumo-
niae has been shown to alter plaque characteristics 
and promote aortic wall remodeling in hypercho-

lesterolemic mice [144]. 
M. Boumegouas et al. demonstrated for the 

first time the binding of Staphylococcus aureus 
and Pseudomonas aeruginosa with cholesterol 
crystals, which partially reveals the mechanism of 
bacterial adhesion to atherosclerotic plaques and 
their destabilization [145]. It has been shown that 
the flagellar protein FlgE Pseudomonas aeruginosa 
induces lipid uptake by macrophages and proin-
flammatory responses mediated by ATP 5 B/NF — 
kB/AP-1 signaling [146]. 

B. B. Lanter et al. showed that bacteria form 
biofilm deposits in carotid artery plaques, which, 
when exposed to physiologically relevant levels of 
norepinephrine in the presence of transferrin, could 
disperse, releasing bacterial enzymes. The authors 
suggested that these enzymes may damage sur-
rounding tissue and promote plaque rupture. Thus, 
this study demonstrates a potential link between 
infections, atherothrombosis, and conditions as-
sociated with elevated adrenaline [147]. 

The role of a local cross-reactive immune re-
sponse in human atherosclerotic plaques cannot be 
ruled out. Cross-reaction with bacterial outer mem-
brane proteins Proteus mirabilis and Klebsiella pneu-
moniae, a well as with transgelin, cytoskeletal protein 
involved in atherogenesis, has been described [148]. 

For some viruses, data have also been obtained 
substantiating their involvement in the pathogenesis 
of atherosclerosis and plaque destabilization. Neu-
raminidase, a group of enzymes that cleave sialic 
acid during virus release from the host cell, can in-
duce desialylation of lipoproteins, increase the 
uptake of low-density lipoproteins, and thus con-
tribute to the progression of atherosclerosis [149–151]. 
A mechanism for the destabilization of vulnerable 
atherosclerotic plaques in arteries has been de-
scribed, mediated by increased expression of matrix 
metalloproteinase-13 (MMP-13) in influenza A [152]. 

Some studies attribute a significant role in 
vascular damage to infection of perivascular adipose 
tissue (PAT). Under physiological conditions, PAT 
has potent antiatherogenic properties mediated by 
its ability to secrete various biologically active factors 
involved in thermogenesis and fatty acid metabolism. 
In pathological conditions, steatocytes lose their 
thermogenic capacity and release adipokines, which 
induce endothelial dysfunction and inflammatory 
cell infiltration, contributing to the development 
of atherosclerosis [153, 154]. 

Influenza A mRNA levels in the aortic AF in 
mice were shown to be ~4–8 times higher than in 
the vessel wall. Infection also increased the number 
of Ly6Clow and Ly6Chigh monocytes in the vessel 
wall, followed by more intense monocyte infiltration 
into the AF [155]. 

Ischemic stroke due to pulmonary venous 
thromboembolism. The pathogenesis of thrombus 



formation in the pulmonary arteries and veins 
during respiratory infections has been described 
in detail. Local pulmonary factors associated with 
damage to endothelial cells, alveolar cells, fibrin 
deposition, and pulmonary edema, coupled with 
systemic hemostatic disorders characteristic of 
lower respiratory tract infections, especially severe 
ones, contribute to thrombus formation in the pul-
monary vascular bed. Pulmonary vein thrombosis 
can cause thromboembolic stroke. However, the 
link between infection and pulmonary vein throm-
bosis is often overlooked. 

A number of clinical reports have been pub-
lished on pulmonary vein thromboembolism in 
respiratory infections, including COVID-19 [156–159]. 
An analysis of thrombotic complications of COVID-19 
revealed pulmonary vein thrombosis in 5.8% of de-
ceased patients [18]. 

It is important to note that the pulmonary 
veins are the most proximal source of thromboem-
bolism. Therefore, careful evaluation of the pul-
monary veins should be performed in all cases of 
arterial thromboembolism  [160]. Understanding 
this mechanism of thromboembolism is important 
for both clinicians and pathologists, especially in 
cases where the source of embolism cannot be 
determined. 

Conclusion 
The pathogenesis of ischemic stroke in acute 

lower respiratory tract infections is at the intersection 
of alteration, inflammation, immunopathological 

processes, and circulatory impairment. Based on 
a review of the literature, it is clear that both 
bacterial and viral infections, despite differences 
in their mechanisms of action on the immune sys-
tem and hemostasis, can initiate a procoagulant 
state mediated by tissue factor, von Willebrand 
factor, platelet activation, neutrophil extracellular 
traps, and decreased activity of endogenous anti-
coagulants. An infectious process localized in the 
lungs, characterized by damage to the pulmonary 
vascular endothelium and alveolar cells, interalveolar 
fibrin accumulation, edema, and cellular infiltration, 
combined with hemostatic disorders, creates con-
ditions conducive to thrombus formation in the 
pulmonary vessels. Thus, the pulmonary veins and 
venules may be a source of cerebral thromboem-
bolism. This mechanism of thromboembolic stroke 
development largely explains cases of acute cere-
brovascular accidents in patients with lower respi-
ratory tract infections without cardiovascular risk 
factors. Another mechanism of ischemic stroke is 
associated with the direct or indirect effects of 
pathogens on the stability of atherosclerotic plaques 
in cerebral vessels, which, combined with proco-
agulant imbalance, leads to the development of 
atherothrombosis. 

Understanding the mechanisms of ischemic 
stroke in respiratory infectious diseases is essential 
for developing targeted therapeutic strategies and 
improving patient outcomes. Clinical awareness of 
ischemic stroke in acute infectious lung diseases is 
essential for the management of these patients.

66 w w w . r e a n i m a t o l o g y . c o m G E N E R A L  R E A N I M AT O L O G Y,  2 0 2 5 ,  2 1 ;  5

Reviews & Short  Communications



67w w w . r e a n i m a t o l o g y . c o mG E N E R A L  R E A N I M AT O L O G Y,  2 0 2 5 ,  2 1 ;  5

Reviews & Short  Communications

References 
1. Miller E. C., Elkind M. S. V. Infection and stroke: an update 

on recent progress. Curr Neurol Neurosci Rep. 2016; 16 (1): 2.  
DOI: 10.1007/s11910-015-0602-9. PMID: 26677196. 

2. Collins S. Excess mortality from causes other than influenza 
and pneumonia during influenza epidemics. Public Health 
Rep. 1932; 47: 2159–2189. 

3. Meier  C.  R., Jick  S.  S., Derby  L.  E., Vasilakis C., Jick H., 
Meier  C., Jick  S., et al. Acute respiratory-tract infections 
and risk of first-time acute myocardial infarction. Lancet. 
1998; 351 (9114): 1467–1471.  
DOI: 10.1016/S0140-6736 (97)11084-4. PMID: 9605802. 

4. Clayton  T.  C., Capps  N.  E., Stephens N.G., Wedzicha  J.  A., 
Meadw T. W. Recent respiratory infection and the risk of 
myocardial infarction. Heart. 2005; 91 (12): 1601–1602. 
DOI: 10.1136/hrt.2004.046920. PMID: 16287745. 

5. Clayton T. C., Thompson M., Meade T. W. Recent respiratory 
infection and risk of cardiovascular disease: case-control 
study through a general practice database. Europ Heart J. 
2007; 29 (1): 96–103.  
DOI: 10.1093/eurheartj/ehm516. PMID: 18063596 

6. Fu M., Wong  K.  S., Lam  W.  W.M., Wong  G.  W.  K. Middle 
cerebral artery occlusion after recent mycoplasma pneu-
moniae infection. J Neurol Sc. 1998; 157 (1): 113–115.  
DOI: 10.1016/S0022-510X (98)00074-4. PMID: 9600687. 

7. Fullerton H. J., Hills N. K., Elkind M. S.V., Dowling M. M., 
Wintermark M., Glaser C. A., Tan M., et al. Infection, vacci-
nation, and childhood arterial ischemic stroke: Results of 
the VIPS study. Neurol. 2015; 85 (17): 1459–66.  
DOI: 10.1212/WNL.0000000000002065. PMID: 26423434. 

8. Amlie-Lefond C., Fullerton H. Rashes, sniffles, and stroke: 
a role for infection in ischemic stroke of childhood. Infect 
Disord Drug Targets. 2010; 10 (2): 67–75.  
DOI: 10.2174/187152610790963465. PMID: 20166975. 

9. Kutleša M., Tešović G., Knezović I., Miše B., Višković K., 
Barišić N. Ischemic stroke associated with adenoviral in-
fection in a 4-year-old boy. Wien Klin Wochenschr. 2009; 
121 (23–24): 776–779.  
DOI: 10.1007/s00508-009-1286-4. PMID: 20047116. 

10. Cao Q., Yang F., Zhang J., Liang H., Liu X., Wang H. Features 
of childhood arterial ischemic stroke in China. Fetal Pediatr 
Pathol. 2019; 38 (4): 317–25.  
DOI: 10.1080/15513815.2019.1588438. PMID: 30890011. 

11. Grau  A.  J., Buggle F., Hacke W. Infektionskrankheiten als 
ursache und risikofaktor für zerebrovaskuläre ischämien. 
[Infectious diseases as a cause and risk factor for cere-
brovascular ischemia]. Nervenarzt. 1996; 67 (8): 639–649.  
DOI: 10.1007/s001150050036. PMID: 8805109. 

12. Grau A. J., Buggle F., Heindl S., Steichen-Wiehn C., Banerjee T., 
Maiwald M., Rohlfs M., et al. Recent infection as a risk factor 
for cerebrovascular ischemia. Stroke. 1995; 26 (3): 373–379.  
DOI: 10.1161/01.STR.26.3.373. PMID: 7886709. 

13. Boehme A. K., Luna J., Kulick E. R., Kamel H., Elkind M. S. V. 
Influenza‐like illness as a trigger for ischemic stroke. Ann 
Clin Transl Neurol. 2018; 5 (4): 456–463.  
DOI: 10.1002/acn3.545. PMID: 29687022. 

14. Merkler A. E., Parikh N. S., Mir S., Gupta A., Kamel H., Lin E., 
Lantos  J., et al. Risk of ischemic stroke in patients with 
COVID-19 versus patients with influenza. JAMA Neurol. 2020. 
DOI: 10.1101/2020.05.18.20105494. PMID: 32614385. 

15. Ward A., Sarraju A., Lee D., Bhasin K., Gad S., Beetel R., 
Chang S., et al. COVID-19 is associated with higher risk of 
venous thrombosis, but not arterial thrombosis, compared 
with influenza: Insights from a large US cohort. PLoS ONE. 
2022; 17 (1): e0261786.  
DOI: 10.1371/journal.pone.0261786. PMID: 35020742. 

16. Luo W., Liu X., Bao K., Huang C. Ischemic stroke associated 
with COVID-19: a systematic review and meta-analysis. J 
Neurol. 2022; 269 (4): 1731–40.  
DOI: 10.1007/s00415-021-10837-7. PMID: 34652503. 

17. Babkina  A.  S., Yadgarov M.Ya., Lyubomudrov  M.  A., 
Ostrova I. V., Volkov A. V., Kuzovlev A. N., Grechko A. V., et al. 
Morphologic findings in the cerebral cortex in COVID-19: 
association of microglial changes with clinical and demo-
graphic variables. Biomedicines. 2023; 11 (5): 1407.  
DOI: 10.3390/biomedicines11051407. PMID: 37239078. 

18. Babkina A. S., Yadgarov M. Y., Volkov A. V., Kuzovlev A. N., 
Grechko A. V., Golubev A. M. Spectrum of thrombotic com-
plications in fatal cases of COVID-19: focus on pulmonary 
artery thrombosis in situ. Viruses. 2023; 15 (8): 1681.  
DOI: 10.3390/v15081681. PMID: 37632023. 

19. De Souza  A.  M.  L.  B., De Araújo  E.  F., Junior  N.  C., 
Raimundo A. C. S., Pereira A. C., De Castro Meneghim M. 
Association between SARS-CoV-2 and stroke: perspectives 
from a metaumbrella-review. BMC Neurol. 2025; 25 (1): 97.  
DOI: 10.1186/s12883-025-04041-7. PMID: 40055630. 

20. Wang J. E.-H., Tsai S.-J., Wang Y.-P., Chen T.-J., Wang T.-J., 
Chen M.-H. Bacterial pneumonia and stroke risk: a na-
tionwide longitudinal follow-up study. Curr Neurovasc Res. 
2023; 20 (5): 578–85.  
DOI: 10.2174/0115672026280736240108093755.  
PMID: 38288840. 

21. Zurrú M. C., Alonzo C., Brescacín L., Romano M., Cámera L. A., 
Waisman G., Cristiano E., et al. Recent respiratory infection 
predicts atherothrombotic stroke: case–control study in a 
Buenos Aires healthcare system. Stroke. 2009; 40 (6): 1986–1990.  
DOI: 10.1161/STROKEAHA.108.535559. PMID: 19359651. 

22. Paganini-Hill A., Lozano E., Fischberg G., Barreto M. P., Ra-
jamani K., Ameriso S. F., Heseltine P. N. R., et al. Infection 
and risk of ischemic stroke: differences among stroke sub-
types. Stroke. 2003; 34 (2): 452–457.  
DOI: 10.1161/01.STR.0000053451.28410.98. PMID: 12574559. 

23. Taylor L. D., Ameen O. S., Zaharie S.-D. Complete clinico-
pathological case report of a young patient dying of 
COVID-19-related stroke. Am J Forensic Med Pathol. 2021; 
42 (2): 160–163. DOI: 10.1097/PAF.0000000000000668. 

24. Beach T. G., Sue L. I., Intorcia A. J., Glass M. J., Walker J. E., 
Arce R., Nelson C. M., et al. Acute brain ischemia, infarction 
and hemorrhage in subjects dying with or without autop-
sy-proven acute pneumonia MedRxiv [Preprint.]. 2021: 
22.21254139.  
DOI: 10.1101/2021.03.22.21254139. PMID: 33791728. 

25. Арипов А. Н., Каюмов У. К., Иноятова Ф. Х., Хидоято-
ва М. Р. Роль легких в системе гемостаза (обзор лите-
ратуры). Клиническая лабораторная диагностика. 
2021; 66 (7): 411–416. Aripov  A.  N., Kayumov  U.  K., 
Inoyatova  F.  Kh., Khidoyatova  M.  R. Role of lungs in the 
hemostasis system (review of literature). Klin Lab Diagn. 
2021; 66 (7): 411–416. (in Russ.).  
DOI: 10.51620/0869-2084-2021-66-7-411-416.  
PMID: 34292683. 

26. Bos L. D. J., Ware L. B. Acute respiratory distress syndrome: 
causes, pathophysiology, and phenotypes. Lancet. 2022; 
400 (10358): 1145–56.  
DOI: 10.1016/S0140-6736 (22)01485-4. PMID: 36070787. 

27. Stroo I., Ding C., Novak A., Yang J., Roelofs  J.  J.  T.  H., 
Meijers  J.  C. M., Revenko  A.  S., et al. Inhibition of the 
extrinsic or intrinsic coagulation pathway during pneu-
monia-derived sepsis. Am J Physiol Lung Cell Mol Physiol. 
2018; 315 (5): L799–809.  
DOI: 10.1152/ajplung.00014.2018. PMID: 30136609. 

28. Horan J. T., Francis C. W., Falsey A. R., Kolassa J., Smith B. H., 
Hall W. J. Prothrombotic changes in hemostatic parameters 
and C-reactive protein in the elderly with winter acute 
respiratory tract infections. Thromb Haemost. 2001; 85 (2): 
245–249. PMID: 11246541. 

29. Van Wissen M., Keller T. T., Van Gorp E. C. M., Gerdes V. E. A., 
Meijers J. C. M., Van Doornum G. J. J., Büller H. R., et al. Acute 
respiratory tract infection leads to procoagulant changes in 
human subjects. J Thromb Haemost. 2011; 9 (7): 1432–1434.  
DOI: 10.1111/j.1538-7836.2011.04340.x. PMID: 21605331. 



68 w w w . r e a n i m a t o l o g y . c o m G E N E R A L  R E A N I M AT O L O G Y,  2 0 2 5 ,  2 1 ;  5

Reviews & Short  Communications

30. Milbrandt E. B., Reade M. C., Lee M., Shook S. L., Angus D. C., 
Kong  L., et al., GenIMS Investigators. Prevalence and sig-
nificance of coagulation abnormalities in community-ac-
quired pneumonia. Mol Med. 2009; 15 (11–12): 438–45. 
DOI: 10.2119/molmed.2009.00091. PMID: 19753144. 

31. Tan  C.  W., Wong  W.  H., Cheen  M.  H. H., Chu  Y.  M. H., 
Lim S. S., Ng L. C. K., Yeo D. G. D., et al. Assessment of aPTT-
based clot waveform analysis for the detection of haemostatic 
changes in different types of infections. Sci Rep. 2020; 
10 (1): 14186.  
DOI: 10.1038/s41598-020-71063-1. PMID: 32843693. 

32. Gattinoni L., Chiumello D., Caironi P., Busana M., Romitti F., 
Brazzi  L., Camporota L. COVID-19 pneumonia: different 
respiratory treatments for different phenotypes? Intensive 
Care Med. 2020; 46 (6): 1099–1102.  
DOI: 10.1007/s00134-020-06033-2. PMID: 32291463. 

33. Mattila K. J., Valtonen V. V., Nieminen M. S., Asikainen S. 
Role of infection as a risk factor for atherosclerosis, my-
ocardial infarction, and stroke. Clin Infect Dis. 1998; 26 (3): 
719–734. DOI: 10.1086/514570. PMID: 9524851. 

34. Tripodi A., Rossi S. C., Clerici M., Merati G., Scalambrino E., 
Mancini I., Baronciani L., et al. Pro-coagulant imbalance 
in patients with community acquired pneumonia assessed 
on admission and one month after hospital discharge. 
Clin Chem Lab Med (CCLM). 2021; 59 (10): 1699–708.  
DOI: 10.1515/cclm-2021-0538. PMID: 34192831. 

35. Eilertsen K.-E., Østerud B. Tissue factor: (patho)physiology 
and cellular biology. Blood Coagul Fibrinolysis. 2004; 15 (7): 
521–38.  
DOI: 10.1097/00001721-200410000-00001. PMID: 15389118. 

36. Musher D. M., Rueda A. M., Kaka A. S., Mapara S. M. The 
association between pneumococcal pneumonia and acute 
cardiac events. Clin Infect Dis. 2007; 45 (2): 158–65.  
DOI: 10.1086/518849. PMID: 17578773. 

37. Pieralli F., Vannucchi V., Nozzoli C., Augello G., Dentali F., 
De Marzi G., Uomo G., et al. Acute cardiovascular events in 
patients with community acquired pneumonia: results 
from the observational prospective FADOI-ICECAP study. 
BMC Infect Dis. 2021; 21 (1): 116.  
DOI: 10.1186/s12879-021-05781-w. PMID: 33494707. 

38. Africano H. F., Serrano-Mayorga C. C., Ramirez-Valbuena P. C., 
Bustos I. G., Bastidas A., Vargas H. A., Gómez S., et al. Major 
adverse cardiovascular events during invasive pneumococcal 
disease are serotype dependent. Clin Infect Dis. 2021; 
72 (11): e711–9.  
DOI: 10.1093/cid/ciaa1427. PMID: 32964223. 

39. Guan X. R., Jiang L. X., Ma X. H. Relationship between My-
coplasma pneumoniae infection and acute myocardial in-
farction. Zhongguo Wei Zhong Bing Ji Jiu Yi Xue. 2008; 
20 (4): 236–237. (Chinese). PMID: 18419961. 

40. Momiyama Y., Ohmori R., Taniguchi H., Nakamura H., 
Ohsuzu F. Association of mycoplasma pneumoniae infection 
with coronary artery disease and its interaction with chlamy-
dial infection. Atherosclerosis. 2004; 176 (1): 139–144.  
DOI: 10.1016/j.atherosclerosis.2004.04.019. PMID: 15306186. 

41. Long B., Brady W. J., Koyfman A., Gottlieb M. Cardiovascular 
complications in COVID-19. Am J Emerg Med. 2020; 38 (7): 
1504–7. DOI: 10.1016/j.ajem.2020.04.048. PMID: 32317203. 

42. Del Prete A., Conway F., Della Rocca D. G., Biondi-Zoccai G., 
De  Felice  F., Musto C., Picichè M., et al. COVID-19, acute 
mmyocardial injury, and infarction. Card Electrophysiol 
Clin. 2022; 14 (1): 29–39.  
DOI: 10.1016/j.ccep.2021.10.004. PMID: 35221083. 

43. Josй R. J., Williams A., Manuel A., Brown J. S., Chambers R. C. 
Targeting coagulation activation in severe COVID-19 pneu-
monia: lessons from bacterial pneumonia and sepsis. Eur 
Respir Rev. 2020; 29 (157): 200240.  
DOI: 10.1183/16000617.0240-2020. PMID: 33004529. 

44. Coughlin S. R. Thrombin signalling and protease-activated 
receptors. Nature. 2000; 407 (6801): 258–64.  
DOI: 10.1038/35025229. PMID: 11001069. 

45. Bastarache J. A., Wang L., Geiser T., Wang Z., Albertine K. H., 
Matthay  M. A., Ware  L.  B. The alveolar epithelium can 
initiate the extrinsic coagulation cascade through expression 
of tissue factor. Thorax. 2007; 62 (7): 608–16.  
DOI: 10.1136/thx.2006.063305. PMID: 17356058. 

46. Levi M., van der Poll T., Schultz M. New insights into pathways 
that determine the link between infection and thrombosis. 
Neth J Med. 2012; 70 (3): 114–120. PMID: 22516575. 

47. Rijneveld A. W., Weijer S., Bresser P., Florquin S., Vlasuk G. P., 
Rote  W.  E., Spek  C.  A., et al. Local activation of the tissue 
factor-factor VIIa pathway in patients with pneumonia and 
the effect of inhibition of this pathway in murine pneumo-
coccal pneumonia. Crit Care Med. 2006; 34 (6): 1725–1730.  
DOI: 10.1097/01.CCM.0000218807.20570.C2. PMID: 16625114. 

48. Beutler B., Rietschel E. Th. Innate immune sensing and its 
roots: the story of endotoxin. Nat Rev Immunol. 2003; 3 (2): 
169–176.  
DOI: 10.1038/nri1004. PMID: 12563300. 

49. Weidenmaier C., Peschel A. Teichoic acids and related cell-
wall glycopolymers in gram-positive physiology and host 
interactions. Nat Rev Microbiol. 2008; 6 (4): 276–287.  
DOI: 10.1038/nrmicro1861. PMID: 18327271. 

50. Hoogerwerf  J.  J., De Vos A. F., Bresser P., Van Der Zee  J. S., 
Pater J. M., De Boer A., Tanck M., et al. Lung inflammation 
induced by lipoteichoic acid or lipopolysaccharide in hu-
mans. Am J Respir Crit Care Med. 2008; 178 (1): 34–41.  
DOI: 10.1164/rccm.200708-1261OC. PMID: 18403723. 

51. Hoogerwerf  J.  J., de Vos  A.  F., Levi M., Bresser P., van der 
Zee J. S., Draing C., von Aulock S., van der Poll T. Activation 
of coagulation and inhibition of fibrinolysis in the human 
lung on bronchial instillation of lipoteichoic acid and 
lipopolysaccharide. Crit Care Med. 2009; 37 (2): 619-625.  
DOI: 10.1097/CCM.0b013e31819584f9. PMID: 19114879. 

52. Van der Poll T. Tissue factor as an initiator of coagulation 
and inflammation in the lung. Crit Care. 2008; 12 Suppl 6 
(Suppl 6): S3. DOI: 10.1186/cc7026. PMID: 19105796. 

53. Antoniak S., Mackman N. Multiple roles of the coagulation 
protease cascade during virus infection. Blood. 2014; 
123 (17): 2605–13.  
DOI: 10.1182/blood-2013-09-526277. PMID: 24632711. 

54. Antoniak S., Tatsumi K., Hisada Y., Milner J. J., Neidich S. D., 
Shaver C. M., Pawlinski R., et al. Tissue factor deficiency 
increases alveolar hemorrhage and death in influenza A 
virus-infected mice. J Thromb Haemost. 2016; 14 (6): 1238–
1248. DOI: 10.1111/jth.13307. PMID: 26947929. 

55. Shibamiya A., Hersemeyer K., Schmidt Wöll T., Sedding D., 
Daniel J.-M., Bauer S., Koyama T., et al. A key role for toll-
like receptor-3 in disrupting the hemostasis balance on 
endothelial cells. Blood. 2009; 113 (3): 714–722.  
DOI: 10.1182/blood-2008-02-137901. PMID: 18971420. 

56. Mackman N., Antoniak S., Wolberg  A.  S., Kasthuri R., 
Key  N.  S. Coagulation abnormalities and thrombosis in 
patients infected with SARS-CoV-2 and other pandemic 
viruses. Atheroscler Thromb Vasc Biol. 2020; 40 (9): 2033–44. 
DOI: 10.1161/ATVBAHA.120.314514. PMID: 32657623. 

57. DiNicolantonio J. J., McCarty M. Thrombotic complica-
tions of COVID-19 may reflect an upregulation of en-
dothelial tissue factor expression that is contingent on 
activation of endosomal NADPH oxidase. Open Heart. 
2020; 7 (1): e001337.  
DOI: 10.1136/openhrt-2020-001337. PMID: 32532805. 

58. Choi G., Schultz M. J., Van Till J. W. O., Bresser P., van der 
Zee J. S., Boermeester M. A., Levi M., et al. Disturbed alveolar 
fibrin turnover during pneumonia is restricted to the site 
of infection. Eur Respir J. 2004; 24 (5): 786–9.  
DOI: 10.1183/09031936.04.00140703. PMID: 15516673. 

59. Bastarache J. A., Fremont R. D., Kropski J. A., Bossert F. R., 
Ware  L.  B. Procoagulant alveolar microparticles in the 
lungs of patients with acute respiratory distress syndrome. 
Am J Physiol Lung Cell Mol Physiol. 2009; 297 (6): L1035–41. 
DOI: 10.1152/ajplung.00214.2009. PMID: 19700643. 



69w w w . r e a n i m a t o l o g y . c o mG E N E R A L  R E A N I M AT O L O G Y,  2 0 2 5 ,  2 1 ;  5

Reviews & Short  Communications

60. Choi G., Wolthuis E. K., Bresser P., Levi M., Van Der Poll T., 
Dzoljic M., Vroom M. B., et al. Mechanical ventilation with 
lower tidal volumes and positive end-expiratory pressure 
prevents alveolar coagulation in patients without lung 
injury. Anesthesiology. 2006; 105 (4): 689–695.  
DOI: 10.1097/00000542-200610000-00013. PMID: 17006066. 

61. Iacoviello L., Di Castelnuovo A., De Curtis A., Agnoli C., 
Frasca G., Mattiello A., Matullo G., et al. Circulating tissue 
factor levels and risk of stroke: findings from the EPICOR 
study. Stroke. 2015; 46 (6): 1501–7.  
DOI: 10.1161/STROKEAHA.115.008678. PMID: 25931463.  

62. Tatsumi K., Mackman N. Tissue factor and atherothrombosis. 
J Atheroscler Thromb. 2015; 22 (6): 543–9.  
DOI: 10.5551/jat.30940. PMID: 26016513. 

63. Ito T., Kakuuchi M., Maruyama I. Endotheliopathy in septic 
conditions: mechanistic insight into intravascular coagu-
lation. Crit Care. 2021; 25 (1): 95.  
DOI: 10.1186/s13054-021-03524-6. PMID: 33685461. 

64. Ito T., Maruyama I. Thrombomodulin: protectorate God 
of the vasculature in thrombosis and inflammation. J 
Thromb Haemost. 2011; 9: 168–73.  
DOI: 10.1111/j.1538-7836.2011.04319.x. PMID: 21781252. 

65. Urano T., Castellino F. J., Suzuki Y. Regulation of plasminogen 
activation on cell surfaces and fibrin. J Thromb Haemost. 
2018; 16 (8): 1487–97.  
DOI: 10.1111/jth.14157. PMID: 29779246. 

66. Bajaj M. S., Kuppuswamy M. N., Manepalli A. N., Bajaj S. P. 
Transcriptional expression of tissue factor pathway inhibitor, 
thrombomodulin and von Willebrand factor in normal 
human tissues. J Thromb Haemost. 1999; 82 (3): 1047–1052. 
PMID: 10494762. 

67. Bastarache  J.  A., Wang L., Wang Z., Albertine  K.  H., 
Matthay  M.  A., Ware  L.  B. Intra-alveolar tissue factor 
pathway inhibitor is not sufficient to block tissue factor 
procoagulant activity. Am J Physiol Lung Cell Mol Physiol. 
2008; 294 (5): L874–81.  
DOI: 10.1152/ajplung.00372.2007. PMID: 18310227. 

68. van den Boogaard F.  E., van ’T Veer C., Roelofs  J.  J. T. H., 
Meijers J. C. M., Schultz M. J., Broze Jr G., van der Poll T. En-
dogenous tissue factor pathway inhibitor has a limited 
effect on host defense in murine pneumococcal pneumonia. 
J Thromb Haemost. 2015; 114 (07): 115–122.  
DOI: 10.1160/TH14-12-1053. PMID: 25832548. 

69. Higuchi  D.  A., Wun  T.  C., Likert  K.  M., Broze  G.  J. Jr. The 
effect of leukocyte elastase on tissue factor pathway inhibitor. 
Blood. 1992; 79 (7): 1712–1719. PMID: 1558967. 

70. Yun T. H., Cott J. E., Tapping R. I., Slauch J. M., Morrissey J. H. 
Proteolytic inactivation of tissue factor pathway inhibitor 
by bacterial omptins. Blood. 2009; 113 (5): 1139–48.  
DOI: 10.1182/blood-2008-05-157180. PMID: 18988866. 

71. Massberg S., Grahl L., von Bruehl M.-L., Manukyan D., 
Pfeiler S., Goosmann C., Brinkmann V., et al. Reciprocal 
coupling of coagulation and innate immunity via neutrophil 
serine proteases. Nat Med. 2010; 16 (8): 887–896.  
DOI: 10.1038/nm.2184. PMID: 20676107. 

72. Maroney S. A., Mast A. E. Tissue factor pathway inhibitor and 
bacterial infection. J Thromb Haemost. 2011; 9 (1): 119–121.  
DOI: 10.1111/j.1538-7836.2010.04111.x. PMID: 21210950. 

73. De Moerloose P., De Benedetti E., Nicod L., Vifian C., Reber G. 
Procoagulant activity in bronchoalveolar fluids: No rela-
tionship with tissue factor pathway inhibitor activity. 
Thromb Res. 1992; 65 (4–5): 507–18.  
DOI: 10.1016/0049-3848 (92)90202-L. PMID: 1615494. 

74. El Solh A. A., Choi G., Schultz M. J., Pineda L. A., Mankowski 
C. Clinical and hemostatic responses to treatment in ven-
tilator-associated pneumonia: role of bacterial pathogens. 
Crit Care Med. 2007; 35 (2): 490–6.  
DOI: 10.1097/01.CCM.0000253308.93761.09. PMID: 17205031. 

75. Wunderink  R.  G., Laterre P.-F., Francois B., Perrotin D., 
Artigas A., Vidal L. O., Lobo S. M., et al. Recombinant tissue 
factor pathway inhibitor in severe community-acquired 

pneumonia: a randomized trial. Am J Respir Crit Care Med. 
2011; 183 (11): 1561–8.  
DOI: 10.1164/rccm.201007-1167OC. PMID: 21297074. 

76. Winckers K., Ten Cate H., Hackeng T. M. The role of tissue 
factor pathway inhibitor in atherosclerosis and arterial 
thrombosis. Blood Rev. 2013; 27 (3): 119–32.  
DOI: 10.1016/j.blre.2013.03.001. PMID: 23631910. 

77. Won T., Wood  M.  K., Hughes  D.  M., Talor  M.  V., Ma Z., 
Schneider J., Skinner J. T., et al. Endothelial thrombomodulin 
downregulation caused by hypoxia contributes to severe 
infiltration and coagulopathy in COVID-19 patient lungs. 
EBioMedicine. 2022; 75: 103812.  
DOI: 10.1016/j.ebiom.2022.103812. PMID: 35033854. 

78. Griffin J. H., Fernández J. A., Gale A. J., Mosnier L. O. Activated 
protein C. J Thromb Haemost. 2007; 5 Suppl 1: 73–80.  
DOI: 10.1111/j.1538-7836.2007.02491.x. PMID: 17635713. 

79. Isshiki T., Sakamoto S., Kinoshita A., Sugino K., Kurosaki A., 
Homma S. Recombinant human soluble thrombomodulin 
treatment for acute exacerbation of idiopathic pulmonary 
fibrosis: a retrospective study. Respiration. 2015; 89 (3): 
201–207.  
DOI: 10.1159/000369828. PMID: 25659984. 

80. Yin Q., Liu B., Chen Y., Zhao Y., Li C. Soluble thrombomodulin 
to evaluate the severity and outcome of community-acquired 
pneumonia. Inflammation. 2014; 37 (4): 1271–1279.  
DOI: 10.1007/s10753-014-9854-9. PMID: 24573987. 

81. Guo S.-C., Xu C.-W., Liu Y.-Q., Wang J.-F., Zheng Z.-W. 
Changes in plasma levels of thrombomodulin and D-dimer 
in children with different types of Mycoplasma pneumoniae 
pneumonia. Zhongguo Dang Dai Er Ke Za Zhi. 2013; 15 (8): 
619–622. (in Chinese).  
PMID: 23965872. 

82. Yamazaki A., Nukui Y., Kameda T., Saito R., Koda Y., Ichimu-
ra N., Tohda S., et al. Variation in presepsin and thrombo-
modulin levels for predicting COVID-19 mortality. Sci Rep. 
2023; 13 (1): 21493.  
DOI: 10.1038/s41598-023-48633-0. PMID: 38057335. 

83. Padilla S., Andreo M., Marco P., Marco-Rico A., Ledesma C., 
Fernández-González M., García-Abellán J., et al. Enhanced 
prediction of thrombotic events in hospitalized COVID-19 
patients with soluble thrombomodulin. PLoS ONE. 2025; 
20 (3): e0319666.  
DOI: 10.1371/journal.pone.0319666. PMID: 40106444. 

84. Rijneveld  A.  W., Weijer S., Florquin S., Esmon  C.  T., 
Meijers J. C.M., Speelman P., Reitsma P. H., et al. Thrombo-
modulin mutant mice with a strongly reduced capacity to 
generate activated protein C have an unaltered pulmonary 
immune response to respiratory pathogens and lipopolysac-
charide. Blood. 2004; 103 (5): 1702–9.  
DOI: 10.1182/blood-2002-05-1380. PMID: 14592828. 

85. Choi G., Schultz M. J., Levi M., van der Poll T., Millo J. L., 
Garrard C. S. Protein C in pneumonia. Thorax. 2005; 60 (8): 
705–706.  
DOI: 10.1136/thx.2004.037341. PMID: 16061717. 

86. Esmon C. Inflammation and the activated protein C anti-
coagulant pathway. Semin Thromb Hemost. 2006; 32 (S 1): 
049–60.  
DOI: 10.1055/s-2006-939554. PMID: 16673266. 

87. Eckle I., Seitz R., Egbring R., Kolb G., Havemann K. Protein 
C degradation in vitro by neutrophil elastase. Biol Chem 
Hoppe Seyler. 1991; 372 (2): 1007–14.  
DOI: 10.1515/bchm3.1991.372.2.1007. PMID: 1793515. 

88. Yamamoto K., Loskutoff D. J. Extrahepatic expression and 
regulation of protein C in the mouse. Am J Pathol. 1998; 
153 (2): 547–555.  
DOI: 10.1016/S0002-9440 (10)65597-6. PMID: 9708814. 

89. Warkentin  T.  E., Pai M. Shock, acute disseminated in-
travascular coagulation, and microvascular thrombosis: is 
‹shock liver› the unrecognized provocateur of ischemic 
limb necrosis? J Thromb Haemost. 2016; 14 (2): 231–235.  
DOI: 10.1111/jth.13219. PMID: 26662371. 



90. Ware L. B., Fang X., Matthay M. A. Protein C and thrombo-
modulin in human acute lung injury. Am J Physiol Lung 
Cell Mol Physiol. 2003; 285 (3): L514-L521.  
DOI: 10.1152/ajplung.00442.2002. PMID: 12754194. 

91. Frantzeskaki F., Armaganidis A., Orfanos S. E. Immunothrom-
bosis in acute respiratory distress syndrome: cross talks 
between inflammation and coagulation. Respiration. 2017; 
93 (3): 212–25.  
DOI: 10.1159/000453002. PMID: 27997925. 

92. Wуjcik K., Bazan-Socha S., Celejewska-Wójcik N., Górka K., 
Lichołai S., Polok K., Stachura T., et al. Decreased protein C 
activity, lower ADAMTS13 antigen and free protein S 
levels accompanied by unchanged thrombin generation 
potential in hospitalized COVID-19 patients. Thromb Res. 
2023; 223: 80–6.  
DOI: 10.1016/j.thromres.2023.01.016. PMID: 36709678. 

93. De Boer  J.  D., Kager  L.  M., Roelofs  J.  J., Meijers  J.  C., De 
Boer O. J., Weiler H., Isermann B., et al. Overexpression of 
activated protein C hampers bacterial dissemination during 
pneumococcal pneumonia. BMC Infect Dis. 2014; 14 (1): 
559. DOI: 10.1186/s12879-014-0559-3. PMID: 25366058. 

94. Macko  R.  F., Ameriso  S.  F., Gruber A., Griffin  J.  H., 
Fernandez J. A., Barndt R., Quismorio F. P., et al. Impairments 
of the protein C system and fibrinolysis in infection-asso-
ciated stroke. Stroke. 1996; 27 (11): 2005–11.  
DOI: 10.1161/01.STR.27.11.2005. PMID: 8898806. 

95. Russell J. A. Genetics of coagulation factors in acute lung 
injury. Crit Care Med. 2003; 31 (Suppl): S243–7.  
DOI: 10.1097/01.CCM.0000057870.61079.3E. PMID: 12682447. 

96. Ryu K. H., Hindman B. J., Reasoner D. K., Dexter F. Heparin 
reduces neurological impairment after cerebral arterial air 
embolism in the rabbit. Stroke. 1996; 27 (2): 303–310.  
DOI: 10.1161/01.str.27.2.303. PMID: 8571428. 

97. Sims P.  J., Wiedmer T. Induction of cellular procoagulant 
activity by the membrane attack complex of complement. 
Semin Cell Biol. 1995; 6 (5): 275–282.  
DOI: 10.1006/scel.1995.0037. PMID: 8562920. 

98. Keragala C. B., Draxler D. F., McQuilten Z.K., Medcalf R. L. 
Haemostasis and innate immunity — a complementary 
relationship: a review of the intricate relationship between 
coagulation and complement pathways. Br J Haematol. 
2018; 180 (6): 782–98.  
DOI: 10.1111/bjh.15062. PMID: 29265338. 

99. Lüscher E. F. Induction of platelet aggregation by immune 
complexes. Ser Haematol. 1970; 3 (4): 121–129. PMID: 4107202. 

100. Penny R., Castaldi P. A., Whitsed H. M. Inflammation and 
haemostasis in paraproteinaemias. Br J Haematol. 1971; 
20 (1): 35–44.  
DOI: 10.1111/j.1365-2141.1971.tb00784.x. PMID: 4924493. 

101. Lisiewicz J. Rola leukocytów w biomorfozie zakrzepów i 
krzepnieciu krwi [The role of leukocytes in the biomorphosis 
of thrombosis and blood coagulation]. Acta Physiol Pol. 
1971; 22 (6): 785–789. (in Polish). PMID: 5292643. 

102. Levine P. H., Weinger R. S., Simon J., Scoon K. L., Krinsky N. I. 
Leukocyte-platelet interaction. Release of hydrogen peroxide 
by granulocytes as a modulator of platelet reactions. J Clin 
Invest. 1976; 57 (4): 955–63.  
DOI: 10.1172/JCI108372. PMID: 947961. 

103. Vazquez-Garza E., Jerjes-Sanchez C., Navarrete A., Joya-
Harrison J., Rodriguez D. Venous thromboembolism: throm-
bosis, inflammation, and immunothrombosis for clinicians. 
J Thromb Thrombolysis. 2017; 44 (3): 377–85.  
DOI: 10.1007/s11239-017-1528-7. PMID: 28730407. 

104. Papayannopoulos V. Neutrophil extracellular traps in im-
munity and disease. Nat Rev Immunol. 2018; 18 (2): 134–47.  
DOI: 10.1038/nri.2017.105. PMID: 28990587. 

105. Porembskaya O., Zinserling V., Tomson V., Toropova Y., 
Starikova E., Maslei V., Bulavinova N., et al. Neutrophils 
mediate pulmonary artery thrombosis in situ. Int J Mol 
Sci. 2022; 23 (10): 5829.  
DOI: 10.3390/ijms23105829. PMID: 35628637. 

106. Brinkmann V., Reichard U., Goosmann C., Fauler B., Uhle-
mann Y., Weiss D. S., Weinrauch Y., et al. Neutrophil extra-
cellular traps kill bacteria. Science. 2004; 303 (5663): 1532–5.  
DOI: 10.1126/science.1092385. PMID: 15001782. 

107. Semeraro F., Ammollo  C.  T., Morrissey  J.  H., Dale  G.  L., 
Friese  P., Esmon  N.  L., Esmon  C.  T. Extracellular histones 
promote thrombin generation through platelet-dependent 
mechanisms: involvement of platelet TLR2 and TLR4. 
Blood. 2011; 118 (7): 1952–61.  
DOI: 10.1182/blood-2011-03-343061. PMID: 21673343. 

108. Fuchs T. A., Bhandari A. A., Wagner D. D. Histones induce 
rapid and profound thrombocytopenia in mice. Blood. 
2011; 118 (13): 3708–14.  
DOI: 10.1182/blood-2011-01-332676. PMID: 21700775. 

109. Lцf A., Müller J. P., Brehm M. A. A biophysical view on von 
Willebrand factor activation. J Cell Physiol. 2018; 233 (2): 
799–810.  
DOI: 10.1002/jcp.25887. PMID: 28256724. 

110. Zhang C., Kelkar A., Neelamegham S. Von Willebrand factor 
self-association is regulated by the shear-dependent un-
folding of the A2 domain. Blood Adv. 2019; 3 (7): 957–68.  
DOI: 10.1182/bloodadvances.2018030122. PMID: 30936056. 

111. South K., Lane D. A. ADAMTS‐13 and von Willebrand factor: 
a dynamic duo. J Thromb Haemost. 2018; 16 (1): 6–18.  
DOI: 10.1111/jth.13898. PMID: 29108103. 

112. Grässle S., Huck V., Pappelbaum K. I., Gorzelanny C., Aponte-
Santamaría C., Baldauf C., Gräter F., et al. von Willebrand 
factor directly interacts with DNA from neutrophil extracellular 
traps. Atheroscler Thromb Vasc Biol. 2014; 34 (7): 1382–9.  
DOI: 10.1161/ATVBAHA.113.303016. PMID: 24790143. 

113. Yang J., Wu Z., Long Q., Huang J., Hong T., Liu W., Lin J. In-
sights into immunothrombosis: the interplay among neu-
trophil extracellular trap, von Willebrand factor, and 
ADAMTS13. Front Immunol. 2020; 11: 610696.  
DOI: 10.3389/fimmu.2020.610696. PMID: 33343584. 

114. Fuchs T. A., Brill A., Wagner D. D. Neutrophil extracellular 
trap  (NET) impact on deep vein thrombosis. Atheroscler 
Thromb Vasc Biol. 2012; 32 (8): 1777–83.  
DOI: 10.1161/ATVBAHA.111.242859. PMID: 22652600. 

115. Noubouossie D. F., Whelihan M. F., Yu Y.-B., Sparkenbaugh E., 
Pawlinski R., Monroe D. M., Key N. S. In vitro activation of 
coagulation by human neutrophil DNA and histone proteins 
but not neutrophil extracellular traps. Blood. 2017; 129 (8): 
1021–9.  
DOI: 10.1182/blood-2016-06-722298. PMID: 27919911. 

116. Doevelaar  A.  A.N., Bachmann M., Hölzer B., Seibert  F.  S., 
Rohn B. J., Bauer F., Witzke O., et al. Von Willebrand factor 
multimer formation contributes to immunothrombosis 
in coronavirus disease 2019. Crit Care Med. 2021; 49 (5): 
e512-e520.  
DOI: 10.1097/CCM.0000000000004918. PMID: 33591004. 

117. Pham T. T., Punsawad C., Glaharn S., De Meyer S. F., Viriyave-
jakul P., van den Steen P. E. Release of endothelial activation 
markers in lungs of patients with malaria-associated acute 
respiratory distress syndrome. Malar J. 2019; 18 (1): 395.  
DOI: 10.1186/s12936-019-3040-3. PMID: 31796023. 

118. Favaloro E. J., Henry B. M., Lippi G. Increased VWF and de-
creased ADAMTS-13 in COVID-19: creating a milieu for 
(micro)thrombosis. Semin Thromb Hemost. 2021; 47 (4): 
400–418.  
DOI: 10.1055/s-0041-1727282. PMID: 33893632. 

119. Babkina A. S., Ostrova I. V., Yadgarov M. Y., Kuzovlev A. N., 
Grechko A. V., Volkov A. V., Golubev A. M. The role of Von 
Willebrand factor in the pathogenesis of pulmonary vascular 
thrombosis in COVID-19. Viruses. 2022; 14 (2): 211.  
DOI: 10.3390/v14020211. PMID: 35215805. 

120. Lüttge M., Fulde M., Talay  S.  R., Nerlich A., Rohde M., 
Preissner K. T., Hammerschmidt S., et al. Streptococcus pneu-
moniae induces exocytosis of Weibel-Palade bodies in pul-
monary endothelial cells. Cell Microbiol. 2012; 14 (2): 210–225.  
DOI: 10.1111/j.1462-5822.2011.01712.x. PMID: 21999205. 

70 w w w . r e a n i m a t o l o g y . c o m G E N E R A L  R E A N I M AT O L O G Y,  2 0 2 5 ,  2 1 ;  5

Reviews & Short  Communications



71w w w . r e a n i m a t o l o g y . c o mG E N E R A L  R E A N I M AT O L O G Y,  2 0 2 5 ,  2 1 ;  5

Reviews & Short  Communications

121. Martens C. P., Peetermans M., Vanassche T., Verhamme P., 
Jacquemin M., Martinod K. Peptidylarginine deiminase 4 
and ADAMTS13 activity in Staphylococcus aureus bacter-
aemia. Philos Trans R Soc Lond B Biol Sci. 2023; 378 (1890): 
20230042. DOI: 10.1098/rstb.2023.0042. PMID: 37778390. 

122. Голубев А. М., Мороз В. В., Лысенко Д. В., Кузовлев А. Н., 
Остапченко Д. А. ИВЛ-индуцированное острое повреж-
дение легких (экспериментальное, морфологическое 
исследование). Общая реаниматология. 2006; 2 (4): 
8–12. Golubev A. M., Moroz V. V., Lysenko D. V., Kuzovlev A. N., 
Ostapchenko D. A. Artificial ventilation-induced acute lung 
lesion: experimental, morphological study. General Reani-
matology = Obshchaya Reanimatologiya. 2006; 2 (4): 8–12. 
(In Russ.&Eng.). DOI: 10.15360/1813-9779-2006-4-8-12 

123.  Ибадов Р. А., Сабиров Д. М., Эшонходжаев О. Д., Ибраги-
мов С. Х., Азизова Г. М., Угарова Т. Б. Факторы риска раз-
вития и тяжелого течения вентилятор-ассоциированного 
трахеобронхита у пациентов на пролонгированной ис-
кусственной вентиляции легких. Общая реанимато-
логия. 2023; 19 (5): 46–52. Ibadov R. A., Sabirov D. M., Es-
honkhodjaev  O.  D., Ibragimov S.Kh., Azizova  G.  M., 
Ugarova T. B. Risk factors for the development and severe 
course of ventilator-associated tracheobronchitis in patients 
with prolonged mechanical ventilation. General Reanima-
tology = Obshchaya Reanimatologiya. 2023; 19 (5): 46–52. 
(In Russ.&Eng.). DOI: 10.15360/1813-9779-2023-5-2320. 

124. Yiming M. T., Lederer D. J., Sun L., Huertas A., Issekutz A. C., 
Bhattacharya S. Platelets enhance endothelial adhesiveness 
in high tidal volume ventilation. Am J Respir Cell Mol Biol. 
2008; 39 (5): 569–575.  
DOI: 10.1165/rcmb.2007-0332OC. PMID: 18483418. 

125. Klopf J., Brostjan C., Eilenberg W., Neumayer C. Neutrophil 
extracellular traps and their implications in cardiovascular 
and inflammatory disease. Int J Mol Sci. 2021; 22 (2): 559.  
DOI: 10.3390/ijms22020559. PMID: 33429925. 

126. Gao X., Zhao X., Li J., Liu C., Li W., Zhao J., Li Z., et al. Neu-
trophil extracellular traps mediated by platelet microvesicles 
promote thrombosis and brain injury in acute ischemic 
stroke. Cell Commun Signal. 2024; 22 (1): 50. 
DOI: 10.1186/s12964-023-01379-8. PMID: 38233928. 

127. Laridan E., Denorme F., Desender L., Francois O., Andersson T., 
Deckmyn H., Vanhoorelbeke K., et al. Neutrophil extracellular 
traps in ischemic stroke thrombi. Ann Neurol. 2017; 82 (2): 
223–232. DOI: 10.1002/ana.24993. PMID: 28696508. 

128. Peсa-Martínez C., Durán-Laforet V., García-Culebras A., 
Ostos F., Hernández-Jiménez M., Bravo-Ferrer I., Pérez-
Ruiz A., et al. Pharmacological modulation of neutrophil 
extracellular traps reverses thrombotic stroke tPA (tissue-
type plasminogen activator) resistance. Stroke. 2019; 50 
(11): 3228–37.  
DOI: 10.1161/STROKEAHA.119.026848. PMID: 31526124. 

129. Longstaff C., Varjú I., Sótonyi P., Szabó L., Krumrey M., 
Hoell A., Bóta A., et al. Mechanical stability and fibrinolytic 
resistance of clots containing fibrin, DNA, and histones. J 
Biol Chem. 2013; 288 (10): 6946–56.  
DOI: 10.1074/jbc.M112.404301. PMID: 23293023. 

130. Patel R. B., Jha A. B., Jain A., Verma A. K., Saini S., Muia J., 
Gurung P., et al. Imbalanced VWF-ADAMTS13 axis con-
tributes to the detrimental impact of a preceding respiratory 
tract infection on stroke. Blood Adv. 2025; 9 (6): 1330–41.  
DOI: 10.1182/bloodadvances.2024014622. PMID: 39787593. 

131. Luka N., South K., Jones R., Unsworth  A.  J., Coutts G., 
Mosneag I., Younas M., et al. The role of the VWF/ADAMTS13 
Axis in the thromboinflammatory response in ischemic 
stroke after SARS‐CoV2 infection. Brain Behav. 2025; 15 
(2): e70348. DOI: 10.1002/brb3.70348. PMID: 39972966. 

132. Li J., Geng Y., Luo Y., Sun X., Guo Y., Dong Z. Pathological 
roles of NETs-platelet synergy in thrombotic diseases: from 
molecular mechanisms to therapeutic targeting. Int Im-
munopharmacol. 2025; 159: 114934.  
DOI: 10.1016/j.intimp.2025.114934. PMID: 40418882. 

133. Sharma S., Tyagi T., Antoniak S. Platelet in thrombo-in-
flammation: unraveling new therapeutic targets. Front Im-
munol. 2022; 13: 1039843.  
DOI: 10.3389/fimmu.2022.1039843. PMID: 36451834. 

134. Violi F., Cangemi R., Calvieri C. Pneumonia, thrombosis and 
vascular disease. J Thromb Haemost. 2014; 12 (9): 1391–400.  
DOI: 10.1111/jth.12646. PMID: 24954194. 

135. Mirsaeidi M., Peyrani P., Aliberti S., Filardo G., Bordon J., 
Blasi F., Ramirez J. A. Thrombocytopenia and thrombocytosis 
at time of hospitalization predict mortality in patients with 
community-acquired pneumonia. Chest. 2010; 137 (2): 
416–420. DOI: 10.1378/chest.09-0998. PMID: 19837825. 

136. Kreutz R. P., Bliden K. P., Tantry U. S., Gurbel P. A. Viral res-
piratory tract infections increase platelet reactivity and 
activation: an explanation for the higher rates of myocardial 
infarction and stroke during viral illness. J Thromb Haemost. 
2005; 3 (9): 2108–9.  
DOI: 10.1111/j.1538-7836.2005.01474.x. PMID: 16102122. 

137. Consolo F., Della Valle P., Saracino M., Bonora M., 
Donadoni G., Ciceri F., Tresoldi M., et al. Platelet activation 
state in early stages of COVID-19. Minerva Anestesiol. 2022; 
88 (6): 472–478.  
DOI: 10.23736/S0375-9393.22.16054-2. PMID: 35315619. 

138. McMullen P.D., Cho J. H., Miller J. L., Husain A. N., Pytel P., 
Krausz T. A descriptive and quantitative immunohisto-
chemical study demonstrating a spectrum of platelet re-
cruitment patterns across pulmonary infections including 
COVID-19. Am J Clin Path. 2021; 155 (3): 354–63.  
DOI: 10.1093/ajcp/aqaa230. PMID: 33174599. 

139. Leinonen M., Saikku P. Infections and atherosclerosis. 
Scand Cardiovasc J. 2000; 34 (1): 12–20.  
DOI: 10.1080/14017430050142341. PMID: 10816055. 

140. Бабкина А. С., Голубев А. М., Острова И. В., Волков А. В., 
Кузовлев А. Н. Морфологические изменения головного 
мозга при COVID-19. Общая реаниматология. 2021; 
17 (3): 4–15. Babkina  A.  S., Golubev  A.  M., Ostrova  I.  V., 
Volkov A. V., Kuzovlev A. N. Brain morphological changes 
in COVID-19. General Reanimatology = Obshchaya Reani-
matologiya. 2021; 17 (3): 4–15. (In Russ.&Eng.). DOI: 
10.15360/1813-9779-2021-3-1-0. 

141. Ezzahiri R., Nelissenvrancken H., Kurvers H., Stassen F., 
Vliegen I., Grauls G., Vanpul M., et al. Chlamydophila pneu-
moniae (Chlamydia pneumoniae) accelerates the formation 
of complex atherosclerotic lesions in Apo E3-Leiden mice. 
Cardiovasc Res. 2002; 56 (2): 269–76. DOI: 10.1016/S0008-
6363 (02)00544-8. PMID: 12393097. 

142. Vanderwal A. Chlamydia pneumoniae inside the 
atherosclerotic plaque — does it affect plaque inflam-
mation and plaque progression? Cardiovasc Res. 2002; 
56 (2): 178–180.  
DOI: 10.1016/S0008-6363 (02)00652-1. PMID: 12393086. 

143. Pigarevskii P. V., Mal’tseva S.V., Snegova V. A., Davydova N. G., 
Guseva V. A. Chlamydia pneumoniae and immunoinflam-
matory reactions in an unstable atherosclerotic plaque in 
humans. Bull Exp Biol Med. 2015; 159 (2): 278–81.  
DOI: 10.1007/s10517-015-2941-6. PMID: 26085364. 

144. Bartlett B., Ludewick H. P., Verma S., Corrales-Medina V. F., 
Waterer G., Lee S., Dwivedi G. Cardiovascular changes after 
pneumonia in a dual disease mouse model. Sci Rep. 2022; 
12 (1): 11124.  
DOI: 10.1038/s41598-022-15507-w. PMID: 35778475. 

145. Boumegouas M., Raju M., Gardiner J., Hammer N., Saleh Y., 
Al-Abcha A., Kalra A., et al. Interaction between bacteria 
and cholesterol crystals: implications for endocarditis and 
atherosclerosis. PLoS ONE. 2022; 17 (2): e0263847.  
DOI: 10.1371/journal.pone.0263847. PMID: 35180238. 

146. Li Y., Zhang M., Li Y., Shen Y., Wang X., Li X., Wang Y., et al. 
Flagellar hook protein FlgE promotes macrophage activation 
and atherosclerosis by targeting ATP5B. Atherosclerosis. 
2024; 390: 117429.  
DOI: 10.1016/j.atherosclerosis.2023.117429. PMID: 38278062. 



147. Lanter  B.  B., Sauer K., Davies  D.  G. Bacteria present in 
carotid arterial plaques are found as biofilm deposits which 
may contribute to enhanced risk of plaque rupture. mBio. 
2014; 5 (3): e01206-14.  
DOI: 10.1128/mBio.01206-14. PMID: 24917599. 

148. Canducci F., Saita D., Foglieni C., Piscopiello M. R., Chiesa R., 
Colombo A., Cianflone D., et al. Cross-reacting antibacterial 
auto-antibodies are produced within coronary atheroscle-
rotic plaques of acute coronary syndrome patients. PLoS 
ONE. 2012; 7 (8): e42283. DOI: 10.1371/journal.pone.0042283. 
PMID: 22879930. 

149. Demina E. P., Smutova V., Pan X., Fougerat A., Guo T., Zou C., 
Chakraberty R., et al. Neuraminidases 1 and 3 trigger 
atherosclerosis by desialylating low-density lipoproteins 
and increasing their uptake by macrophages. J Am Heart 
Assoc. 2021; 10: e018756.  
DOI: 10.1161/JAHA.120.018756. PMID: 33554615. 

150. Mezentsev A., Bezsonov E., Kashirskikh D., Baig  M.  S., 
Eid A. H., Orekhov A. Proatherogenic sialidases and desia-
lylated lipoproteins: 35 years of research and current state 
from bench to bedside. Biomedicines. 2021; 9 (6): 600.  
DOI: 10.3390/biomedicines9060600. PMID: 34070542. 

151. Jung S.-H., Lee K.-T. Atherosclerosis by virus infection — a 
short review. Biomedicines. 2022; 10 (10): 2634.  
DOI: 10.3390/biomedicines10102634. PMID: 36289895. 

152. Lee  H.  S., Noh  J.  Y., Shin  O.  S., Song  J.  Y., Cheong  H.  J., 
Kim  W.  J. Matrix metalloproteinase-13 in atherosclerotic 
plaque is increased by influenza A virus infection. J Infect 
Dis. 2020; 221 (2): 256–66.  
DOI: 10.1093/infdis/jiz580. PMID: 31693113. 

153. Qi X.-Y., Qu S.-L., Xiong W.-H., Rom O., Chang L., Jiang Z.-S. 
Perivascular adipose tissue (PVAT) in atherosclerosis: a dou-
ble-edged sword. Cardiovasc Diabetol. 2018; 17 (1): 134.  
DOI: 10.1186/s12933-018-0777-x. PMID: 30305178. 

154. Chang L., Milton H., Eitzman D. T., Chen Y. E. Paradoxical 
roles of perivascular adipose tissue in atherosclerosis and 

hypertension. Circ J. 2013; 77 (1): 11–8. DOI: 10.1253/circj.CJ-
12-1393. PMID: 23207957. 

155. Oseghale O., Liong S., Coward-Smith M., To E. E., Erlich J. R., 
Luong  R., Liong F., et al. Influenza A virus elicits peri-
vascular adipose tissue inflammation and vascular dys-
function of the aorta in pregnant mice. PLoS Pathog. 2022; 
18 (8): e1010703.  
DOI: 10.1371/journal.ppat.1010703. PMID: 35930608. 

156. Zheng P., Zhang N., Chen Z. Pulmonary abscess combined 
with pulmonary vein thrombosis and stroke: a case report. 
J Stroke Cerebrovasc Dis. 2024; 33 (1): 107461.  
DOI: 10.1016/j.jstrokecerebrovasdis.2023.107461.  
PMID: 38000110. 

157. Albrecht P., Stettner M., Husseini L., Macht S., Jander S., 
Mackenzie C., Oesterlee U., et al. An emboligenic pulmonary 
abscess leading to ischemic stroke and secondary brain 
abscess. BMC Neurol. 2012; 12 (1): 133.  
DOI: 10.1186/1471-2377-12-133. PMID: 23121862. 

158. Pasha A. K., Rabinstein A., McBane R. D. Pulmonary venous 
thrombosis in a patient with COVID-19 infection. J Thromb 
Thrombolysis. 2021; 51 (4): 985–8.  
DOI: 10.1007/s11239-021-02388-5. PMID: 33515360. 

159. Meaney J. F. M., O’Donnell J. S., Bridgewood C., Harbison J., 
McGonagle D. Perspective: the case for acute large vessel 
ischemic stroke in COVID-19 originating within thrombosed 
pulmonary venules. Stroke. 2022; 53 (7): 2411–9.  
DOI: 10.1161/STROKEAHA.121.038056. PMID: 35543127. 

160. Ker P. J. Cryptogenic, embolic stroke — looking backstage. 
J Stroke Cerebrovasc Dis. 2022; 31 (5): 106353.  
DOI: 10.1016/j.jstrokecerebrovasdis.2022.106353.  
PMID: 35247732. 

 
Received 24.01.2025 
Accepted 17.09.2025 

Online first 02.10.2025 

72 w w w . r e a n i m a t o l o g y . c o m G E N E R A L  R E A N I M AT O L O G Y,  2 0 2 5 ,  2 1 ;  5

Reviews & Short  Communications


