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ABSTRACT

Background: SARS-CoV2 infections increase the risk of ischemic stroke (IS), potentially through a thromboinflammatory
cascade driven by an imbalance in the ratio of Von Willebrand Factor (VWF) and a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13 (ADAMTSI13), leading to the formation of ultra-large VWF (UL-VWF). However, the
SARS-CoV2 infection’s contribution to any VWF/ADAMTSI3 axis imbalance and the subsequent thromboinflammatory response
post-stroke remain poorly understood.

Methods: We performed a detailed thromboinflammatory profile of the plasma samples from three experimental cohorts matched
by age, sex, and stroke severity: non-stroke controls (n = 23), SARS-CoV2 negative IS (n = 22), and SARS-CoV2 positive IS (n =
24). SARS-CoV2 positive IS patients presented varying degrees of infection severity.

Results: We observed an increase in VWF and UL-VWF and a decrease in ADAMTSI3 in the SARS-CoV2 positive IS cohort,
suggesting a VWF/ADAMTSI3 axis imbalance. Interleukin-6 (IL-6) levels were positively correlated with VWF and negatively
correlated with ADAMTSI13, suggesting that IL-6 may drive this imbalance. Fibrinogen and D-Dimers were elevated in SARS-CoV2
negative IS cohort and SARS-CoV2 positive IS cohort, but D-Dimers were within the normal range, indicating no disseminated
intravascular coagulation. Factor IX (FIX) was elevated in the SARS-CoV2 negative IS cohort. Tissue plasminogen activator (tPA)
was elevated in the SARS-CoV2 positive IS cohort, suggesting no fibrinolysis defects. Matrix Metalloproteinase-2 (MMP-2) and
soluble Intracellular Adhesion Molecule-1 (SICAM-1) were elevated in the SARS-CoV2 negative IS cohort.
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Conclusions: We show that SARS-CoV2 infections drive a VWF/ADAMTSI3 axis imbalance, inducing an increase in tPA while

decreasing FIX, MMP-2, and sSICAM-1 post-stroke.

1 | Introduction

Ischemic stroke (IS) is a predominant cause of mortality and
morbidity worldwide (King et al. 2020). Historically, respiratory
tract infections (RTIs) have been associated with a greater
likelihood of developing coagulopathies and an increased risk of
IS (Paganini-Hill et al. 2003). Additionally, there is an increasing
body of evidence indicating that an RTI preceding IS worsens
the outcome (Oh and Parikh 2022; Takacs et al. 2023), which
has been further highlighted by the COVID-19 pandemic (Knight
et al. 2022; Perry et al. 2021). However, the molecular mechanisms
involved in the worsening of the outcome of IS after an RTT are yet
to be fully elucidated.

Thromboinflammation is a vascular process that regulates the
interactions between coagulation and inflammation (Vagionas
et al. 2022). The thromboinflammatory response is strongly
driven by the release of Von Willebrand Factor (VWF), a
multimeric blood glycoprotein involved in hemostasis. VWF is
solely expressed in endothelial cells and megakaryocytes and is
stored in the Weibel-Palade bodies (WPB) of the former (Schick
et al. 1997). In cases of vascular damage triggered by endothelial
dysfunction or inflammation, activation of endothelial cells
exposes VWF, which accumulates in the subendothelial matrix,
and promotes the formation of ultra-large VWF (UL-VWF)
(Denorme et al. 2019). Under shear stress conditions VWF
promotes platelet adhesion and activation (Arce et al. 2021) and it
has also been reported to play a key role in endothelial leukocyte
recruitment upon inflammation (Petri et al. 2010). UL-VWF is
proteolytically cleaved, into smaller and less reactive multimers
of VWF, by the plasma protease ADAMTSI3 (a disintegrin and
metalloproteinase with thrombospondin type 1 motif, 13) (Masias
and Cataland 2018).

The homeostatic relationship between VWF and ADAMTSI13
is referred to as the VWF/ADAMTSI3 axis. Imbalance of the
VWEF/ADAMTSI3 axis results from increased levels of VWF
and decreased levels of ADAMTSI3 (Thangaraju et al. 2021),
which exacerbates the thromboinflammatory response and in
turn causes hypercoagulation (Peyvandi et al. 2011), inhibition of
fibrinolysis (Abdul et al. 2017), neutrophil activation, and inter-
action with neutrophil extracellular traps (NETs) DNA (Grassle
et al. 2014). Clinical data on patients with SARS-CoV?2 infection
show VWF/ADAMTSI13 axis imbalance that is proportional to the
COVID-19 severity. Furthermore, this imbalance was associated
with an increased level of thrombin in SARS-CoV2 patients,
indicating a systemic hypercoagulative state (Thangaraju et al.
2021; Mancini et al. 2021). Similarly, IS has been shown to promote
the imbalance of the VWF/ADAMTSI3 axis in clinical samples
(Taylor et al. 2020), and VWF-deficient mice undergoing exper-
imental IS show decreased infarct size and reduced neutrophil
recruitment, to the infarct area (Denorme et al. 2021). Further-
more, mice treated with a pharmacologically constitutively active
ADAMTSI3 after experimental stroke also show smaller infarct

size, reduced neutrophil recruitment and reduced microglial acti-
vation (South et al. 2022). The thromboinflammatory response
mediated by the VWF/ADAMTSI3 axis imbalance therefore plays
a pivotal role in the progression of both SARS-CoV2 infection
and IS pathophysiology. However, the role of SARS-CoV2 in the
thromboinflammatory response post-stroke has not been studied.
We therefore aimed to investigate how preceding SARS-CoV2
infection altered changes in thromboinflammatory factors in
patients with IS.

2 | Material and Methods
21 | Study Design
2.1.1 | SARS-CoV2 Positive IS Cohort

Patients were prospectively recruited between May 19, 2020 and
March 10, 2021 at Manchester Centre for Clinical Neurosciences
(MCCN), Salford Royal Foundation NHS Trust (SRFT). Informed
consent was obtained from all patients, and clinical data were
collected from medical records. Patients with confirmed IS who
tested positive for SARS-CoV2 by reverse transcriptase poly-
merase chain reaction (RT-PCR) of nasopharyngeal swabs were
enrolled in the study. The severity of the stroke was assessed using
the National Institutes of Health Stroke Scale (NIHSS) score. The
severity of the SARS-CoV2 infection was defined by the degree
of respiratory failure and/or radiological findings as previously
described (Mann et al. 2020). Very mild cases were characterized
by the absence of oxygen supplementation and no indication
of COVID-19-related pneumonitis in the radiological data. Mild
cases were characterized by supplemental oxygen requirement
of either <3 L or <28%; alternatively, mild patients were char-
acterized by not requiring any oxygen supplementation but
showing indications of COVID-19-related pneumonitis radiologi-
cally. Moderate cases were characterized by supplemental oxygen
requirement of <10 L or <60%. Severe cases were characterized by
a supplemental oxygen requirement of >10 L or >60%.

2.1.2 | SARS-CoV-2 Negative IS Cohort

Patients with IS without evidence of SARS-CoV2 were prospec-
tively recruited from August 6, 2021 to September 23, 2022 at
MCCN. Informed consent was obtained from all patients, and
clinical data were collected from medical records. Patients were
tested for SARS-CoV2 infection by RT-PCR to ensure that they
were negative upon admission. NIHSS was used to assess the
severity of the stroke.

2.1.3 | Non-Stroke Controls

Non-stroke controls were collected as part of a previous study pre-
dating the COVID-19 pandemic. The non-stroke controls were
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sex- and age-matched to the SARS-Cov2 positive IS cohort and
to the SARS-CoV2 negative IS cohort.

2.1.4 | Plasma Preparation

Whole blood was collected at a median time of 2 days for the
SARS-CoV2 negative IS cohort and 3.5 for the SARS-CoV2 posi-
tive IS cohort after onset of the IS. The whole blood was collected
using a S-monocuvette tube (Sarstedt) containing 1.6 mg/mL
K3 ethylenediaminetetraacetic acid (EDTA). The samples were
centrifuged at 2000 g for 10 min at 4°C. The plasma was collected
and stored at —80°C.

2.2 | LEGENDplex Assay

Inflammation, fibrinolysis, vascular inflammation, and thrombo-
sis markers were quantified using LEGENDplex custom panels
(Biolegend). A human thrombosis 7-plex (tissue plasminogen
activator (tPA), D-Dimer, plasminogen activator inhibitor (PAI)-1,
Factor IX (FIX), soluble cluster of differentiation (sCD) 40L, P-
selectin, and P-selectin glycoprotein ligand-1 (PSGL-1)), a custom
human thrombosis 3-plex (tissue factor (TF)), a human fibrinol-
ysis 5-plex panel (plasminogen, antithrombin, prothrombin, Fac-
tor XIII (FXIII), and fibrinogen), and a custom human vascular
inflammation 12-plex panel (matrix metalloproteinase (MMP)-
2, MMP-9, soluble vascular cell-adhesion molecule (sSVCAM)-
1, soluble intracellular cell-adhesion molecule (SICAM)-1, and
myeloperoxidase (MPO)) were used for the analysis. The different
panels were performed according to the manufacturer’s instruc-
tions. The assays were analyzed using a BD Symphony flow
cytometer (BD Biosciences). The collected data were analyzed
using Qognit LEGENDplex (Biolegend) data analysis software.

2.3 | Quantification of VWF/ADAMTSI13 Axis
Markers in Plasma by ELISA

VWF and ADAMTSI3 antigen levels were measured using pre-
viously described in-house ELISA (Andersson et al. 2012, Chion
et al. 2007). UL-VWF was quantified using a collagen binding
assay (CBA) (Newnham et al. 2019). The results are shown as the
ratio of VWF: CBA/Ag, which represents the ratio of the VWF
bound to collagen (VWF: CBA (%)) over the total VWF antigen
concentration (VWF: Ag) normalized to non-stroke controls.

2.4 | IL-6 ELISA

The plasma concentration of IL-6 was quantified using an ELISA
(R&D Systems). The assay was performed according to the
manufacturer’s instructions.

2.5 | Statistical Analysis

All data were analyzed with GraphPad Prism 9.1.2 (GraphPad
Software Inc). The equal variation and normality of the data
was assessed using the Shapiro-Wilk test. A one-way analysis
of variance (ANOVA) was followed with a Kruskal-Wallis test

in non-normal distributions. The data are presented as mean +
standard deviation (SD). The statistical significance is presented
as *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

3 | Results
3.1 | Participant Characteristics

A total of 69 participants were recruited as follows: non-stroke
control cohort (n = 23), SARS-CoV2 negative IS cohort (n = 22),
and SARS-CoV2 positive IS cohort (n = 24). In the SARS-CoV2
positive IS cohort, the majority of the SARS-CoV2 were either
very mild (n = 8) or mild (n = 8); the remaining patients had
either moderate (n = 5) or severe (n = 3) infections. The three
cohorts were matched as closely as possible for age, biological
sex, and stroke severity in the case of the stroke cohorts. The non-
stroke control cohort had a median age of 69 years, and 52.2% were
males. The SARS-CoV2 negative IS cohort had a median age of 71
years, and 63.6% of patients were males. The SARS-CoV?2 positive
cohort had a median age of 73 years, and 62.5% of patients were
males (Table 1). The SARS-CoV-2 negative IS cohort had a median
NIHSS of 5.5, and the SARS-CoV2 positive IS cohort had a median
NIHSS of 5 (Table 1). The plasma from patients was collected with
amedian time of 2 days for the SARS-CoV2 negative IS cohort and
3.5 days for the SARS-CoV2 positive IS cohort. The SARS-CoV2
infection was confirmed by RT-PCR in the SARS-CoV2 positive IS
cohort.

3.2 | VWF/ADAMTSI13 Axis Imbalance in the
SARS-CoV?2 Positive IS Cohort

The SARS-CoV2 positive IS cohort showed elevated plasma levels
of VWF compared to both the non-stroke control cohort and
the SARS-CoV2 negative IS cohort (Figure 1A). Plasma levels
of ADAMTSI3 were within the normal range for the non-stroke
control cohort and SARS-CoV2 negative IS cohort, while they
were significantly decreased in the SARS-CoV2 positive IS cohort.
UL-VWF levels were determined using a CBA (Figure 1B). This
assay measured the ratio of collagen-bound VWF (VWF: CBA)
over the total antigen levels of VWF (VWF: Ag) normalized
to the non-stroke controls. The SARS-CoV2 negative IS and
SARS-CoV2 positive IS cohorts showed increased levels of UL-
VWF compared to the non-stroke control cohort (Figure 1C).
Furthermore, the SARS-CoV2 positive IS showed an elevated
VWF/ADAMTSI3 ratio (Figure 1D). Overall, a VWF/ADAMTSI3
axis imbalance was observed in the SARS-CoV2 positive IS
cohort.

In addition, plasma levels of inflammatory cytokines were mea-
sured. IL-6 was elevated in the SARS-CoV2 positive IS cohort,
but the increase was not statistically significant (Figure 1E).
The levels of the other inflammatory cytokines were unchanged
among the different experimental cohorts. A significant but
modest negative correlation was observed between the plasma
concentration of VWF and that of ADAMTS13 (Figure 1F).
Furthermore, the plasma levels of VWF and IL-6 were strongly
and significantly positively correlated (Figure 1G). Conversely,
the plasma concentration of ADAMTSI13 and IL-6 exhibited a
significant negative correlation (Figure 1H).
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TABLE 1 | Clinical characteristics of the experimental cohorts. The table outlines the demographics, stroke treatment, cardiovascular co-

morbidities, and medications information of the different patients enrolled in the study. The data are median (IQR) and n (%), where N is the number

of patients present in each cohort. N/A: Not applicable.

Non-stroke SARS-CoV2
controls negative IS SARS-CoV2 positive IS

n 23 22 24
Age (years) 69 (53-74) 71 (61-74) 73 (65-80)
Sex (male) 12/23 (52.2%) 14/22 (63.6%) 15/24 (62.5%)
Illness onset to sample (days) N/A 2 (1.2-2.5) 3.5(3-4)
Clinical information
NIHSS N/A 5(4-9.5) 5 (4-11)
SARS-CoV2 infection severity
Very mild N/A N/A 8/24 (33.3%)
Mild N/A N/A 8/24(33.3%)
Moderate N/A N/A 5/24 (20.8%)
Severe N/A N/A 3/24 (12.5%)
Stroke treatment
Thrombolysis N/A 7/22 (31.8%) 2/24 (8.3%)
Thrombectomy N/A 3/22 (13.6%) 1/24 (4.2%)
Co-morbidity
Hypertension 6/23 (26%) 8/22 (36.4%) 13/24 (54.2%)
Coronary heart disease 5/23 (21.7%) 3/22 (13.6%) 7/24 (29.2%)
Diabetes mellitus 3/23 (13.1%) 6/22 (27.3%) 7/24 (29.2%)
Dyslipidaemia 11/23 (47.8%) 13/22 (59.1%) 17/24 (70.3%)
Atrial fibrillation 1/23 (4.3%) 13/22 (13%) 7/24 (29.2%)
Smoking 11/23 (47.2%) 11/22 (50.0%) 10/24 (41.7%)
Medications
Antiplatelets 5/23 (21.7%) 6/22 (27.3%) 10/24 (41.7%)
Anticoagulants 0/23 (0.0%) 0/22 (0.0%) 6/24 (25.0%)
ACE Inhibitors 3/23 (13.0%) 4/22 (18.2%) 6/24 (25.0%)
Statin 9/23 (39.1%) 13/22 (59.1%) 18/24 (75.0%)
Angiotensin receptor blocker 2/23 (8.7%) 1/22 (4.6%) 2/24 (8.3%)
B-Blockers 5/23 (21.7%) 5/22 (22.7%) 10/24 (41.7%)

3.3 | Hypercoagulative State in IS and SARS-CoV2

3.4 | Elevated Fibrinolysis Markers in SARS-CoV2

Positive IS

Plasma levels of fibrinogen were elevated in the SARS-CoV2
negative IS cohort and SARS-CoV2 positive IS cohort com-
pared to the non-stroke control cohort. However, the infection
preceding the stroke did not affect the plasma levels of fibrino-
gen (Figure 2A). Interestingly, the plasma levels of FIX were
elevated in the SARS-CoV2 negative IS cohort but remained
unchanged in the SARS-CoV2 positive IS cohort (Figure 2B).
Tissue factor levels were elevated in the SARS-CoV2 negative
IS cohort and the SARS-CoV2 positive IS cohorts, but this
increase was not statistically significant (Figure 2C). Prothrom-
bin, antithrombin, and FXIII remained unchanged in all cohorts
(Figure 2D-F).

Positive IS

D-Dimer levels were found to be elevated in the SARS-
CoV2 negative IS cohort and SARS-CoV2 positive IS cohorts
(Figure 3A). tPA was elevated in the SARS-CoV2 positive IS
cohort (Figure 3B). Plasma levels of PAI-1 and plasminogen were
unchanged (Figure 3C,D).

3.5 | Increased Levels of MMP-2 and sICAM-1in
the SARS-CoV2 Negative IS Cohort

Finally, the plasma concentrations of MMP-2 and SICAM-1
were elevated in the SARS-CoV2 negative IS cohort. For the

4 0f10

Brain and Behavior, 2025

85U8017 SUOWWIOD AITeID) 8|qeotjdde 8y} Aq peusenob 8. e 9ol YO ‘88N JO S9N 10} AeIq1T 8UIUO A8]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im AReq 1 jpuluo//SANY) SUORIPUOD pue swie | 8y} 8eS *[6Z0z/£0/90] Uo Akidiauluo A8|IM ‘spee JO AIseAlN AQ 87£0/ '€040/200T OT/I0p/W0D" A8 1M Ale.q1pul|uoy/:Sdny Woi) pepeojumod ‘Z ‘SZ0Z ‘ZE06.STZ



* * ok Kk
% % K K 1
A o0- il C o E 10000
20007 - 1000~ 0.2170
z < 2 _
£ 100 g 15007 4§ 3 g T 1000
> £ | O = 100+ )
2 = i w 2 2
— = 1000 § s —
L 2 § < ®
S 104 = A A 5 g 101 g2 1007
= < 500+ v g T = X £\
< v T = ) %
= o s P
1- T 1- 10-
> © @ © @
(0 N N é <
s & & & & & &
g(' @ a& Qc>" @ & © o"‘Q Qo‘o
(5*' 9 & 4'\.‘\ R\ & ¢ K %\SO R
i & & & & o & & &
& F & & & & VS ¥ EE
& F F F & e @ &F &
= - r=-0.21 p= 0.037
10000 r=-037 p=00008 100007 r=0.74 p=0.0001 10000 =
?E,, = 1000 — 1000 e ®®
£ 1000 E E .
st ) = L)
2 2 100 £ 100+ 2
%) — 73 L]
S 1001 ! g % .
g = 104 = 104
<
10 T T 1 1 T T 1 1 T 1
1 10 100 1000 1 10 100 1000 100 1000 10000

[VWF] (pg/ml)

[VWF] (ug/mi)

[ADAMTS13] (ng/ml)

FIGURE 1 | Plasma from SARS-Cov2 positive IS patients show an imbalance in the VWF/ADAMTSI3 axis. The plasma concentration of (A) VWF
and (B) ADAMTSI3 was quantified by in-house ELISA. (C) UL-VWF levels were determined by collagen binding assay UL-VWF was normalized to the
Non-stroke control cohort and to the total VWF antigen levels to obtain a ratio of CBA/Ag. (D) The VWF/ADAMTSI3 imbalance was also measured by
the ratio of VWF levels over ADAMTSI3 levels. (E) Plasma levels of IL-6 were measured using a commercial ELISA. A Spearman correlation analysis was
performed to investigate the relationship between VWF and ADAMTSI3 (F), the relationship between IL-6 with (G) VWF, and (H) ADAMTS13. Each
data point represents the mean of the duplicate concentration calculated. The results are shown as the mean + standard deviation (SD). The statistical

analysis between the experimental groups was performed using Kruskal-Wallis test.*p < 0.5, ***p < 0.001, and ****p < 0.0001.

SARS-CoV2 positive IS cohort, MMP-2 and SICAM-1 returned
to levels similar to the non-stroke control cohort (Figure 4A,B).
Plasma levels of MPO, MMP-9, and sVCAM-1 remained
unchanged in all experimental cohorts (Figure 4C-E).

4 | Discussion

Here, we show that SARS-CoV2 infection preceding IS induces
thromboinflammatory changes compared to IS without pre-
ceding infection and non-stroke controls, respectively. Most
notably, SARS-CoV2 infection exacerbates the imbalance in the
VWF/ADAMTSI3 axis seen post-IS. Additionally, the infection
prior to IS does not elevate plasma protein levels of MMP-2,
SICAM-1, and FIX to the same extent as IS without a preceding
infection. Finally, the SARS-CoV2 infection preceding IS does not
appear to affect fibrinolysis post-IS.

In the current study, we have observed increased plasma levels
of VWF in the SARS-CoV2 positive IS cohort. VWF in human
plasma has been identified as a key driver of a hypercoagulative
state that is associated with the outcome and severity in both
SARS-CoV2 (Ladikou et al. 2020) and IS (Taylor et al. 2020)
patients. These observations agree with our findings in the SARS-
CoV2 positive IS cohort, but not with the SARS-CoV2 negative

IS data. This may indicate an additive effect between the SARS-
CoV2 infection and the IS. We also report a positive correlation
between plasma levels of IL-6 and VWF. The release of VWF
is dependent on its release from the WPB, which occurs upon
endothelial activation and is promoted by IL-6 (Chi et al. 2001).

We have also observed that the antigen levels of ADAMTSI3
decreased in the SARS-CoV2 positive IS cohort but remained
unchanged in the SARS-CoV2 negative IS cohort. Previous
studies report that ADAMTSI3 antigen levels and activity sub-
stantially reduced in SARS-CoV2 infections (Mancini et al. 2021;
Hafez et al. 2022) and in patients following a severe IS (Denorme
et al. 2017). The latter is conflicting with our data and may be
explained by the mild nature of the IS in our cohorts. However,
to our knowledge, this represents the first report indicating that a
mild SARS-CoV2 infection and, more generally, an RTI preceding
a mild IS causes a robust thromboinflammatory imbalance, thus
inducing a systemic decrease in ADAMTSI13 plasma levels. We
have also shown that IL-6 is negatively correlated to ADAMTS13,
which may indicate a suppressive role of ADAMTSI3 by IL-6.
An inhibitory role of IL-6 on ADAMTSI3 has been reported in
vitro (Bernardo et al. 2004). The negative correlation between
ADAMTSI13 and VWF is consistent with the known physiological
role of the VWF/ADAMTSI13 axis (Muia et al. 2014), but the
relationship between IL-6 with ADAMTS13 and VWF suggests
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FIGURE 2 |

A hypercoagulative state in both ischemic stroke cohorts. The plasma concentration of (A) fibrinogen, (B) Factor IX (FIX), (C) tissue

factor (TF), (D) prothrombin, (E) antithrombin, and (F) Factor XIII (FXIII) was measured using LEGENDplex assay (human fibrinolysis 5-plex and
human thrombosis 7-plex panels). Each data point represents the mean of the duplicate concentration calculated. The results are shown as the mean +
standard deviation (SD). The statistical analysis between the experimental cohorts was performed using a Kruskal-Wallis test. *p < 0.5 and **p < 0.01.

that IL-6 could regulate the balance of the VWF/ADAMTSI13
axis.

We also conducted a comprehensive screening of the coagulation
factors involved in the coagulation cascade. Fibrinogen was found
to be elevated in the SARS-CoV2 negative IS cohort and SARS-
CoV2 positive IS cohort with slightly higher than normal levels of
>3.5mg/mL (Di Napoli and Singh 2009). Studies have shown that
elevated fibrinogen levels are associated with cognitive decline
(Liu et al. 2019) and negative functional outcomes (Hou et al.
2021) post-IS. Furthermore, increased levels of fibrinogen have
been observed in patients affected by SARS-CoV2 infection and
were associated with the infection severity (Sui et al. 2021). Fib-
rinogen has been additionally linked with post-stroke-associated
Streptococcus pneumoniae infections (Lin et al. 2021). Fibrinogen

is a coagulation factor involved in the formation of fibrin, an
essential precursor for a stable fibrin clot, platelet activation,
and aggregation. In addition, fibrinogen is also an important
inflammation marker. The elevated fibrinogen levels indicate
that the SARS-CoV2 positive IS and SARS-CoV2 negative IS
cohorts are more prone to a hypercoagulative and inflammatory
environment post-stroke. Interestingly, FXIII, which is important
in fibrin stabilization and cross-linking, remained unchanged in
both IS cohorts. These results are in contrast with data indicating
that high FXIII levels are a predictor for unfavorable outcomes
of SARS-CoV2 infection (Marchetti et al. 2022) and IS (Zhang
et al. 2021). The hypercoagulative state was most predominant
in the SARS-CoV2 negative IS cohort, which showed elevated
levels of both FIX and D-dimer that may indicate disseminated
intravascular coagulation (DIC) (Yang et al. 2014). However, in
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FIGURE 3 | Fibrinolysis was not inhibited by the IS or the infection.
The plasma concentration of (A) D-Dimers, (B) tissue plasminogen
activator (tPA), (C) Plasminogen activator inhibitor-1 (PAI-1), and (D)
plasminogen was measured using LEGENDplex assay (human fibrinoly-
sis 5-plex and human thrombosis 7-plex panels). The results are shown as
the mean + standard deviation (SD). The statistical analysis between the
experimental cohorts was performed using a Kruskal-Wallis test. *p < 0.5,
% < 0.01, and ***p < 0.001.

our study D-Dimer content was within the clinically normal
concentration (<500 ng/mL). Hence, this suggests that there
is no significant DIC in SARS-CoV2 negative IS and SARS-
CoV2 positive IS patients. SARS-CoV2 has been reported to show
increased DIC in severe patients but not in milder infections.
These data would agree with the data observed in the SARS-CoV2
positive IS cohort, as most patients exhibit a mild SARS-CoV2
infection (Asakura and Ogawa 2021).

In addition, we have measured the concentration of various
fibrinolytic markers. tPA is a fibrinolytic protein that mediates
plasmin formation through a lysine binding site, which in turn
promotes fibrin removal and degradation. Recombinant tPA
(rtPA) is currently the only thrombolytic agent able to induce

the dissolution of the thrombus post-IS. A total of seven patients
from the SARS-CoV2 negative IS and two SARS-CoV2 positive IS
patients were treated with rtPA. However, rtPA has a half-life of
less than 10 min and is not expected to be detectable at the time of
the blood sampling (Murray et al. 2010). The SARS-CoV2 positive
IS cohort presented increased plasma levels of endogenous tPA
compared to non-stroke controls, which may indicate a degree
of fibrinolysis, while the SARS-CoV2 negative IS cohort did not
show any changes in tPA. Furthermore, PAI-1, a serine protein
inhibitor, which is a physiological inhibitor of tPA, was found
unchanged in all experimental cohorts. These data suggest that
there is no inhibition of fibrinolysis after IS independently from
the infection. A robust fibrinolysis inhibition has been reported in
experimental models of IS (Denorme et al. 2016) and a cohort of
SARS-CoV2 patients (Baycan et al. 2023), which is not reflected
in our study. The discrepancy may be due to the inability to
discriminate between either tPA and PAI-1 antigens or tPA/PAI-1
complexes using LEGENDPlex assays.

Finally, plasma levels of MMP-2 and ICAM-1 were found to be
elevated in the SARS-CoV2 negative IS patients. MMP-2 is an
extracellular matrix (ECM) protein involved in the degradation
of several ECM proteins including collagen IV, fibronectin, and
gelatin. Human serum studies have previously highlighted that
MMP-2is unchanged in the acute phase post-stroke. Interestingly,
MMP-2 is reported to increase from a week to 4 months post-
stroke and may play a protective and remodeling role (Lucivero
et al. 2007; Clark et al. 1997). In addition, another study on a
small cohort of patients infected with SARS-CoV2 has shown
lowered levels of MMP-2, which may explain the absence of
change in the SARS-CoV-2-positive IS patients. The decrease after
the infection may counterbalance the increase that would be
observed after IS, leading to an overall absence of change (Avila-
Mesquita et al. 2021). ICAM-1 is an important protein involved
in the recruitment of leukocytes to the endothelium and plays a
pivotal role in the inflammatory progression. SICAM-1 levels have
been shown to be elevated post-stroke in clinical and preclinical
studies, with sICAM-1 being associated with the severity and
negative outcome of IS, in line with the findings of our study
(Moller et al. 2015). Interestingly, in SARS-CoV2, SICAM-1 was
found to be low in the initial 2 weeks post-infection and then
increased in the chronic phase of the infection. Similar to MMP-2,
the plasma levels of SICAM-1 may be inherently low in the acute
phase of the infection which may counterbalance the increase
observed in the IS (Smith-Norowitz et al. 2021).

The current study has several limitations, largely as a result of
the extremely challenging situation for clinical research during
the COVID-19 pandemic. Most notably, the study has a relatively
small number of patients in the different experimental cohorts
(n = 22-24), meaning subtle thromboinflammatory changes may
be harder to detect. Also, patients in this study had relatively
mild strokes and SARS-CoV2 infections, which likely affects the
magnitude of any thromboinflammatory changes. In addition, we
only quantified admission samples, meaning we were unable to
assess thromboinflammatory changes over a longer period of time
and how any changes might associate with the outcome. This
is a retrospective study; the SARS-CoV2 positive IS cohort being
recruited before the SARS-CoV2 negative IS cohort. All patients
in the SARS-CoV2 negative IS cohort were free from RTIs in the
two weeks preceding their admission in the stroke unit. However,
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FIGURE 4 | Vascular inflammation driven by MMP2 and ICAM-1 in the SARS-CoV2 negative IS cohort. The plasma concentration of (A) matrix
metallopeptidase-2 (MMP-2), (B) soluble intercellular adhesion molecule-1 (SICAM-1), (C) myeloperoxidase (MPO), (D) soluble vascular cell adhesion
molecule-1 (SVCAM-1), and (E) MMP-9 was measured using LEGENDplex assay (human custom vascular inflammation 12-plex panel). The results are

shown as the mean =+ standard deviation (SD). The statistical analysis between the experimental cohorts was performed using a Kruskal-Wallis test.

*p < 0.5, *p < 0.01 and ****p < 0.0001.

a patient in the SARS-CoV2 negative IS cohort was commenced
on a course of antibiotics 2 days after admission in the stroke unit,
indicating a post-stroke infection. Finally, the study lacks a SARS-
CoV2 only cohort, which would have allowed us to underpin
the extent and magnitude of the thromboinflammatory response
caused by infection alone. However, there have been extensive
reports published on thromboinflammatory changes in SARS-
CoV2 infection patients, and where relevant, these are referred
to throughout this manuscript, changes being compared to those
that we observed in our respective cohorts. Overall, despite
these limitations, we believe this to be the first study to provide
data on thromboinflammatory changes in IS patients with the
proven presence or absence of SARS-CoV2 infection, with very
well-matched experimental cohorts based on age, NIHSS, and
sex.

Overall, our study has highlighted that the thromboinflammatory
response post-stroke is affected by the preceding SARS-CoV2
infection by enhancing the VWF/ADAMTSI3 axis imbalance and

does not elevate to the same magnitude the protein levels of MMP-
2, SICAM-1, and FIX. In conclusion, this study provides more
insights on how infection affects molecular thromboinflamma-
tory changes post-stroke.
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