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Abstract

The pandemic of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2
instigated the most serious global health crisis. Clinical presentation of COVID-19 frequently includes severe neurological
and neuropsychiatric symptoms. However, it is presently unknown whether and to which extent pathological impairment
of blood-brain barrier (BBB) contributes to the development of neuropathology during COVID-19 progression. In the present
study, we used human induced pluripotent stem cells-derived brain endothelial cells (iBECs) to study the effects of blood
plasma derived from COVID-19 patients on the BBB integrity in vitro. We also performed a comprehensive analysis of the
cytokine and chemokine profiles in the plasma of COVID-19 patients, healthy and recovered individuals. We found
significantly increased levels of interferon y-induced protein 10 kDa, hepatocyte growth factor, and interleukin-18 in the
plasma of COVID-19 patients. However, blood plasma from COVID-19 patients did not affect transendothelial electrical
resistance in iBEC monolayers. Our results demonstrate that COVID-19-associated blood plasma inflammatory factors do
not affect BBB paracellular pathway directly and suggest that pathological remodeling (if any) of BBB during COVID-19 may
occur through indirect or yet unknown mechanisms.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) has resulted in significant morbidity and mortality worldwide.
While primarily targeting the respiratory system, SARS-CoV-2
frequently affects the central nervous system (CNS) by both
direct and indirect mechanisms.’* The COVID-19 infection is
associated with a wide range of neurological or neuropsychiatric
symptoms, such as anosmia and ageusia, headache, dizziness,
confusion, encephalopathy, ischemic stroke, Guillain-Barré syn-
drome, cognitive impairment, and others.?>%

Several postmortem studies demonstrated the presence of
SARS-CoV-2 viral RNA and proteins in various regions of the
brain,®*! indicating the entrance of viral particles into the CNS.
Conceptually, there are several possible routes for the SARS-
CoV-2 virus invasion into the brain.?? In particular, SARS-CoV-2
can infect the sustentacular glial cells of the olfactory epithe-
lium in the nasal cavity, subsequently gaining access to the
brain through the olfactory nerve.'*>> Potentially, the virus can
enter the CNS by transmigration within infected hematopoi-
etic cells, utilizing the so-called “Trojan horse” mechanism.?
Finally, the SARS-CoV-2 virus can gain an access to the brain
parenchyma by paracellular traversal through a disrupted blood-
brain barrier (BBB). The BBB is a highly selective and dynamic
interface that separates the blood from the CNS.1®:7 It is com-
posed of specialized brain endothelial cells (BECs) that line the
brain vessels, along with astrocytes, pericytes, parenchymal and
endothelial basement membranes, and perivascular space that
mount the barrier protecting the CNS from pathogens and tox-
ins.?®1% Accumulating evidence indicates that cerebral vascular
dysfunction is a common feature of COVID-19: Postmortem

studies on COVID-19 patients described hemorrhages and
ischemic lesions in the CNS,*-112° whereas imaging studies on
recovering patients similarly revealed abnormalities in cerebral
blood flow and hypometabolism, indicating disruption of the
BBB.2

The SARS-CoV-2 virus enters host cells through the
angiotensin-converting enzyme 2 (ACE2) receptor, which is
expressed in various tissues, including BECs,?? and therefore
can target BBB directly. It was shown that the SARS-CoV-2 virus
infects and replicates in cultured human inducible pluripotent
stem cell (iPSC)-derived BECs (iBECs), which, however, does not
affect barrier function.?> At the same time, the SARS-CoV-2
spike proteins directly interact with BECs in vitro and may alter
BBB function.?!:2* However, infection of BECs with SARS-CoV-2
in vivo has not yet been demonstrated.

COVID-19 is accompanied by an excessive systemic release
of proinflammatory cytokines into the blood, a phenomenon
known as cytokine storm.” Several specific cytokine and
chemokine profiles have been linked to COVID-19 severity
and neurological complications.?®?’ However, the effects of
cytokines and chemokines secreted during SARS-CoV-2 infec-
tion on the BBB function were not systematically investigated.
Proinflammatory cytokines and chemokines can affect BBB
by the following mechanisms: (i) directly affecting BECs, thus
causing disruption of the BBB; (ii) stimulating the release of
inflammatory mediators by BECs into the brain parenchyma to
induce reactive astrogliosis and microgliosis, leading to the sec-
ondary BBB damage; (iii) penetration of BBB by proinflammatory
cytokines and chemokines, causing neuroinflammation, leading
to the secondary BBB injuries; and (iv) combinations of above.

Therefore, itis important to understand the intricate connec-
tions between blood cytokine/chemokine profiles, BBB integrity,

$20Z YoJel\ €1 uo1senb Aq 85/ €1S//Z009Ebz/uonouny/c601L 01 /10p/a@Ie-80UBAPE/UOIIOUN/WO0D dNo olwapede//:sdily WOoJl PaPEOjUMO(]


art/zqae002_gra.eps

and the severity of neurological manifestations of COVID-19.
This may facilitate the development of potent diagnostic tools,
enabling early prediction and prevention of neurologic compli-
cations in COVID-19 patients.

Current technologies enable the generation of human iBECs
monocultures with transendothelial electrical resistance (TEER)
in the range of 4000-5000 @ cm?, which is close to the read-
ings obtained in vivo.?®?® In the present study, we directly
monitored BBB function in response to the blood plasma
from COVID-19 patients. We also characterized blood plasma
cytokine/chemokine profiles and found significantly increased
levels of interferon y-induced protein 10 kDa (IP-10), hepato-
cyte growth factor (HGF), and interleukin-18 (IL-18) in the plasma
of COVID-19 patients when compared with healthy and/or
recovered individuals. However, blood plasma from COVID-19
patients did not affect BBB electrical resistance. Our results show
that COVID-19-associated blood plasma inflammatory factors do
not affect BBB paracellular pathway directly and suggest that
pathological remodeling (if any) of BBB during COVID-19 may
occur through indirect or yet unknown mechanisms.

Methods
Patient Information and Data Collection

This study examined 33 patients who were diagnosed with
COVID-19 and were admitted to the Centre of Infectious Dis-
eases of Vilnius University Hospital Santaros Klinikos between
2022 and 2023. We also assessed 30 healthy and 18 recovered
subjects. Clinical information and laboratory samples were col-
lected immediately after hospitalization. The permission to con-
duct this biomedical research was issued by the Vilnius Regional
Biomedical Research Ethics Committee (2022/2-1407-879).

The median age of the subjects was 46 years (interquartile
range (IQR) 38-58). The youngest subject was 20 and the oldest
was 65 years old, 37 (46.27%) of the subjects were female and 43
(53.75%) were male.

All study participants voluntarily gave informed consent to
participate in the study.

Collection of Plasma Samples

Whole blood samples were collected in ethylenediaminete-
traacetic acid and sodium heparin tubes. Within 30 min, sam-
ples were centrifuged at 1000 x g for 10 min at 4°C to obtain
plasma. Plasma was transferred in conical centrifuge tubes and
subjected to inactivation at 56°C for 30 min. Afterward, plasma
was centrifuged at 1000 x g for 10 min at 4°C, aliquoted in cry-
otubes, and stored at —80°C until further use.

Maintenance of iPSCs and Differentiation to the Brain
Capillary Endothelial Cells

Human exfoliated deciduous teeth stem cell (SHED)-derived
iPSCs (female, 7 years old) were cultured on matrigel-coated
(Corning) plates with Essential 8 Flex medium (E8) in the incu-
bator (37°C and 5% CO?). Inducible pluripotent stem cells were
differentiated to iBECs according to slightly modified previ-
ously published protocol.?® Briefly, 24 h after splitting, the dif-
ferentiation was initiated by changing the E8 to the Essential
6 (E6) medium (Thermo Fisher Scientific). Essential 6 was fully
refreshed every 24 h for 4 d. On the fifth day, the E6 was changed
to the human endothelial serum-free medium (hESFM, Thermo
Fisher Scientific) supplemented with 20 ng/mL bFGF (Thermo
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Fisher Scientific), 10 uM retinoic acid (Merck Darmstadt, Ger-
many), and 0.25 x B-27 (Thermo Fisher Scientific). After 48 h,
the same medium was fully refreshed. The next day cells were
split for selection on 400 pug/mL collagen-IV and 100 pg/mL
fibronectin-coated (both from Merck) Transwell inserts (Corn-
ing) in hESFM medium supplemented with 0.25 x B-27, 50 U/mL
and 50 pg/mL penicillin-streptomycin (Thermo Fisher Scientific,
hESFM + B-27 + P/S).

Measurement of TEER

Transendothelial electrical resistance monitoring was used as a
readout of BBB integrity. Transendothelial electrical resistance
of iBECs monolayers was monitored every hour using the Cel-
1Zscope system (NanoAnalytics, Miinster, Germany), beginning
immediately after seeding cells on the insert (at —24 h) and
were carried out for 24-48 h in the presence of plasma after
its addition at 0-h time point. The inserts plated with iBECs
were immediately loaded into a 24-well cell module of a Cel-
1Zscope system prefilled with hESFM + B-27 + P/S and grown
in the incubator (37°C and 5% CO?). Twenty-four hours after
plating, the hESFM + B-27 + P/S was refreshed, and the cells
were treated with 50% plasma (v/v in the same medium) col-
lected from three different groups: healthy volunteers, COVID-
19 infected patients, and recovered COVID-19 patients.

Immunofluorescence

After TEER measurements, the culture medium was aspirated
and the cells were washed with physiological buffer solution
(PBS) 3 times. Cells were fixed and permeabilized using ice-cold
(—20°C) methanol-acetone solution (1:1), for 10 min at —20°C.
Then, the membrane of the Transwell insert was cut out and
placed on the parafilm. Cells were washed 3 times with PBS,
blocked using 1% bovine serum albumin-PBS solution for 30 min
at room temperature, then incubated with primary antibodies
[against ZO-1 (1:33), occludin (1:50), and claudin-5 (1:100), in 1%
bovine serum albumin-PBS] overnight at 4°C. After incubation,
samples were washed 3 times with PBS and incubated with
antirabbit IgG secondary antibodies conjugated with an Alexa
Fluor-594, diluted in PBS (1:1000) for 1 h at room temperature in
the dark. After incubation, the cells were washed again 3 times
with PBS. Membrane with cells were placed on the objective slide
in mounting medium with 4/,6-diamidino-2-phenylindole (DAPI)
and covered with a coverslip. Samples were visualized with a
Leica TCS SP8 confocal microscope using Diode 405 nm, diode-
pumped solid-state (DPSS) 561 nm, lasers. Photos were taken
with a 63x immersion lens.

Cytokine Measurements

For multiplex quantitative cytokine analysis, ProcartaPlex™
immunoassays were applied, using the Luminex 200™ detec-
tion system (Invitrogen). Plasma cytokine levels were deter-
mined by commercial multiplex immunoassays (Invitrogen,
Thermo Fischer Scientific) according to the manufacturer’s
instructions. Cytokine concentrations were measured in
duplicates from previously unthawed plasma samples using
the ProcartaPlex™ Human Cytokine/Chemokine/Growth Fac-
tor Convenience Panel 1 45-Plex (EPXR450-12171-901), the
ProcartaPlex™ Human MixMatch 17-plex (PPX-17-MXYMKT7R),
and the ProcartaPlex™ Human RANTES (CCL5) Simplex/Basic
Kit (EPX010-10420-901, EPX01A-10287-901). Frozen plasma
samples were thawed at room temperature, spun at 1000 x g
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for 10 min, and transferred to a new Eppendorf tube before
immunoassay.

The multiplex immunoassays applied in this study consist of
most relevant cytokines, chemokines, and growth factors typi-
cally found in systemic inflammation. The following cytokines
were analyzed: brain-derived neurotrophic factor (BDNF), epi-
dermal growth factor (EGF), eotaxin (CCL11), fibroblast growth
factor (FGF-2), granulocyte-macrophage colony stimulating fac-
tor, growth-regulated protein-o (GRO-o/CXCL1), HGF, interferon-
a (IFN-«), IFN-y, interleukin 1 receptor antagonist (IL-1RA), IL-
la, IL-18, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-
13, IL-15, IL-17A (CTLA-18), IL-18, IL-21, IL-22, IL-23, IL-27, IL-31,
IFN-y-inducible protein 10 (IP-10/CXCL10), leukemia inhibitory
factor (LIF), monocyte chemotactic protein 1 (MCP-1/CCL2),
macrophage inflammatory protein type 1 « (MIP-1a/CCL3), MIP-
18 (CCL4), p-nerve growth factor (NGF-B), regulated on acti-
vation, normal T-cell expressed and secreted (RANTES/CCLS),
platelet-derived growth factor-BB (PDGF-BB), placenta growth
factor 1 (PIGF-1), stem cell factor (SCF), stromal cell-derived fac-
tor 1 (SDF-1«), tumor necrosis factor-o (TNF-«), TNF-8, vascular
endothelial growth factor-A (VEGF-A), and VEGF-D.

Cytokine concentrations were calculated using the standard
curve generated by 5-parameter logistic regression method.

Statistical Analysis

Statistical analysis was performed using Graph Pad Prism® soft-
ware 8.0.2 (GraphPad Software, Inc., USA). Differences between
the groups were compared by 2-way ANOVA (following Tukey’s
multiple comparisons test) or nonparametric Kruskal-Wallis
test (following Dunn’s multiple comparisons test). Results were
considered as significant when P < 0.05.

Results
Plasma of COVID-19 Patients Does Not Affect TEER

To investigate the potential effect of patient-derived blood
plasma on the integrity of the BBB, iBECs were seeded on Tran-
swell inserts and treated with patient-derived blood plasma,
obtained from three different groups: healthy volunteers,
COVID-19 patients, and recovered COVID-19 patients. The treat-
ment involved applying 50% (v/v) plasma to the cells.

We first tested the effects of exposure of endothelial mono-
layer to pooled plasma administered at the apical, basolateral
or both sides of the Transwell inserts. Our results show that
plasma contacting only basolateral or apical and basolateral
sides completely inhibited TEER of iBEC monolayers, whereas
iBECs exposed to the plasma only from the apical side demon-
strated normal TEER readings (Figure 1A).

Immediately after TEER measurements, cells were fixed for
immunostaining with antibodies against TJ proteins claudin-5,
occludin, and zonula occludens-1 (ZO-1). Confocal microscopy
images showed that exposure to plasma from basolateral and
both sides disrupted TJs in iBEC monolayers as evidenced by
more irregular and fragmented staining patterns of TJ proteins
when compared to controls or cells treated from the apical side
(Figure 1B).

Next, we investigated the effects of plasma from healthy,
recovered subjects and COVID-19 patients administered to the
apical side of the monolayer on its electrical resistance. Dynamic
changes in TEER values show a similar trend for all groups
(Figure 2B), starting to rise around 12 h after seeding the cells on
Transwell inserts and reaching the values of ~2500 Q cm? after

24 h after seeding when the plasma was added (zero time point).
Immediately after the addition of plasma, TEER dropped slightly
probably reflecting injection artefact. Following this drop, TEER
continued to rise steadily and reached its peak exceeding 4000
© cm? around 12 h after the addition of plasma. After reaching
the peak, the TEER slowly started to decline but remained above
2000 2 cm? at the end of the 48-h measurement period. Analysis
of TEER data did not reveal any significant differences between
experimental groups at any time point during the 48-h observa-
tion period after plasma addition.

Cytokine Profiles of Plasma of COVID-19 Patients,
Recovered Patients, and Healthy Controls

We compared concentrations of cytokines, chemokines, and
growth factors in the plasma of hospitalized COVID-19 patients
with healthy and recovered individuals. We first used a 45-
analyte multiplex immunoassay panel to measure plasma levels
of 45 cytokines in COVID-19 patients (N = 18), recovered (N = 13),
and healthy (N = 9) subjects (Figure 2). Analysis of cytokine pro-
files showed increased plasma levels of IP-10, HGF, VEGF-A, IL-7,
IL-18, and MCP-1/CCL2 in COVID-19 patients. However, statisti-
cally significant differences between tested groups were found
only for IP-10 and HGF. Concentrations of IP-10 were statistically
higher in blood plasma of COVID-19 patients compared to recov-
ered subjects (P < 0.05). Statistically significantly higher levels
of HGF were detected in the plasma of COVID-19 patients com-
pared to healthy (P < 0.05) and recovered (P < 0.001) subjects. We
also observed that SCF levels in COVID-19 patients were statis-
tically significantly lower than in healthy individuals (P < 0.05).
Eotaxin/CCL11, BDNF, LIF, PIGF-1, PDGF-BB, MIP-1«/CCL3, MIP-
1 B/CCL4, RANTES/CCLS, SDF-1«, and VEGF-D were detected in
the plasma of all 3 groups but showed no significant differences
between the tested groups. From the 45 analytes assessed, 15
were below the lower limit of quantification in 90% of all samples
(irrespective of group) and were therefore excluded from further
analysis. A total of 12 analytes were observed at detectable lev-
els in some samples of all 3 groups but showed no significant
differences between the tested groups and were also excluded
from further analysis.

Therefore, we further determined the levels of 18 cytokines
(IP-10, HGF, IL-7, IL-18, IL-31, MCP-1/CCL2, eotaxin/CCL11, BDNF,
LIF, PIGF-1, PDGF-BB, MIP-1a/CCL3, MIP-1 8/CCL4, RANTES/CCLS,
SDF-1a, SCF, VEGF-A, and VEGF-D) in the plasma of COVID-19
patients (N = 13), healthy (N = 20), and recovered (N = 5) subjects.

The final analysis of the cytokine assays showed that the
levels of IP-10, HGF, IL-18, eotaxin, RANTES, and MIP-18 were
statistically significantly different between the tested groups
(Figure 3). Concentrations of IP-10 and HGF were statistically
higher in blood plasma of COVID-19 patients compared to recov-
ered (P < 0.0001) and healthy (P < 0.05 and P < 0.001) subjects.
Statistically significantly higher levels of IL-18 were detected in
the plasma of COVID-19 patients compared to recovered sub-
jects (P < 0.05). Meanwhile, the levels of eotaxin in healthy sub-
jects were statistically significantly higher than in COVID-19
patients and recovered individuals (P < 0.05). Plasma MIP-18 lev-
els were significantly higher in healthy subjects than in recov-
ered individuals (P < 0.05), while RANTES levels were signifi-
cantly higher in recovered than in healthy subjects (P < 0.05).

Thus, our results showed that COVID-19 significantly
increases the levels of IP-10, HGF, and IL-18 in the plasma of
COVID-19 patients compared to healthy and/or recovered indi-
viduals. As all COVID-19 patients in our study were hospitalized,
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Figure 1. The effects of plasma on human induced brain endothelial cells (iBECs) exposed from the apical, basolateral, or both sides. Cells were treated with 50% plasma
(v/v) from apical, basolateral, or both sides of the insert, control—plasma nontreated cells. (A) Dynamic changes in transendothelial electrical resistance (TEER). Data
are presented as a mean + SD. xStatistically significant difference between apical and basolateral treatments, #statistically significant difference between apical and
apical + basolateral treatments. x, #P < 0.05, #x, ##P < 0.01, N = 3. (B) Immunofluorescence analysis of iBEC cultures, stained with antibodies against tight junction (TJ)

proteins claudin-5, occludin, zonula occludens-1 (ZO-1).

it is reasonable to consider IP-10, HGF, and IL-18 as biomarkers
of disease severity in SARS-CoV-2 infected patients.

Discussion

In the present study, we investigated the effects of COVID-19
patient-derived blood plasma on the in vitro model of human
BBB. The apical side of iBECs monolayers was directly exposed to
the heat-inactivated patient or healthy subject-derived plasma
and TEER was continuously monitored during a 48-h period.
Using this experimental model, we were able to achieve peak
TEER values exceeding 4000-5000 @ cm?, thus showing compat-
ibility of BECs to the exposure with human plasma. We also
found that exposure of iBECs to the plasma either from basolat-
eral or basolateral and apical sides completely disrupted barrier
function; at the same time plasma administration at the apical
side only did not decrease TEER (Figure 1). Apicobasal polariza-
tion is crucial for the proper barrier function of the BECs.3%:3!
Extravasated blood plasma components are directly toxic to the
brain parenchyma and also trigger massive secondary disrup-
tion of the BBB, leading to the brain oedema and tissue necro-
sis.3? Our in vitro model demonstrates the importance of api-
cobasal polarity for BEC barrier function and could be used for
the modeling of different pathological conditions related to the
secondary BBB injury.

We found no changes in the TEER values between the exper-
imental groups consisting of SARS-CoV-2-infected patients and
healthy or recovered individuals. We suggest that our results
could be explained by the following: (i) experimental design and
(i) heat-insensitive COVID-19-associated blood plasma inflam-
matory factors do not affect BEC barrier functions directly.

In this study, we used heat-inactivated blood plasma (56°C
for 30 min). Heat inactivation was necessary to prevent

complement-mediated lysis in cell cultures and as a safety pre-
caution for the effective inactivation of SARS-CoV-2 viral parti-
cles. However, heat inactivation can affect quantities and biolog-
ical activity of soluble factors present in plasma. Comparison of
proteomic profiles revealed downregulation of many cytokines,
chemokines, and growth factors in heat-inactivated plasma.*?
It was also demonstrated that plasma from patients hospital-
ized with acute SARS-CoV-2 infection decreased transendothe-
lial resistance of human lung microvascular endothelial cells,
but these destructive effects were susceptible to heat inacti-
vation.®* Finally, complement components can by themselves
damage BBB. Various injuries may initiate the inflammatory
response of BECs by promoting activation and binding of circu-
lating complement components to the abluminal membranes,
stimulating the secretion of proinflammatory factors and insti-
gating BBB leakage.** 3¢ We, therefore, cannot exclude the pos-
sibility that heat-sensitive components present in the plasma
of SARS-CoV-2-infected patients may affect the electrical resis-
tance of iBEC monolayers. Further studies are needed to address
this question.

Our data demonstrate that heat-insensitive COVID-19-
associated blood plasma inflammatory factors do not affect BEC
barrier functions directly. However, we do not exclude the possi-
bility that COVID-19-associated plasma factors can trigger BECs
to release proinflammatory factors into the brain parenchyma
leading to secondary BBB damage. For instance, infection of
human iPSCs-derived BECs with SARS-CoV-2 did not affect
barrier properties but upregulated IFN-y signaling, and these
results were consistent with histopathological studies showing
upregulated IFN-y pathway in COVID-19 human neurovascular
unit.?® Finally, BBB can selectively transport several proinflam-
matory cytokines from the peripheral circulation into the brain
parenchyma and promote secondary BBB injury.?’ In the future,
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Figure 2. The effect of plasma from healthy volunteers, COVID-19 patients, and recovered subjects on TEER of human iBECs monolayers. (A) Experimental protocol.
(B) Time course of TEER (2 cm?) changes of iBECs grown on transwell inserts and treated with plasma from apical side; data are presented as a mean + SD. Healthy

volunteers (N = 20), COVID-19 patients (N = 24), and recovered subjects (N = 17).

a systematic comparison of molecular responses between BECs
exposed to COVID-19 and control plasma may resolve this issue.

After analyzing 45 cytokines in the plasma of COVID-19
patients, we found that only the levels of IP-10, HGF, and IL-
18 were significantly higher in COVID-19 patients compared to
healthy and/or recovered subjects. IL-18 is known as a proin-
flammatory cytokine involved in host defense against infections
and regulating innate and acquired immune responses.3® Our
results are in agreement with other studies showing correlations
of IL-18 serum levels with other markers of inflammation and
disease severity.:3941

Interferon-y-induced protein (IP-10), also known as small
inducible cytokine B10, belongs to the CXC chemokine family
(also known as CXCL10). This 10-kDa cytokine recruits immune
cells, including T cells, natural killer cells, and macrophages,
to the inflamed tissue in inflammatory diseases. IP-10 induces

T cells and is therefore important for antiviral defense. It is
upregulated in the blood of hospitalized COVID-19 patients.*?
These data corroborate our study, where IP-10 was significantly
higher in the plasma of COVID-19 patients than in the plasma of
healthy (P < 0.05) and recovered (P < 0.0001) subjects. Compari-
son of cytokine expression profiles between critically ill, severe,
and moderate COVID-19 cases revealed a significant associa-
tion of IP-10 with disease severity.*> Previous studies demon-
strated that IP-10 is one of the most abundant and the earli-
est chemokines associated with BBB damage in various viral
infections.** Besides COVID-19, IP-10 was also associated with
the severity of diseases caused by other viruses such as MERS-
CoV and influenza.*>% Inducible protein 10 is considered as
a biomarker of multiple CNS diseases and closely correlates
with BBB pathological changes.**° In Japanese encephalitis,
for example, IP-10 promoted BBB damage by inducing TNF-«
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Figure 3. Plasma cytokine profiles of COVID-19 patients, recovered subjects, and healthy controls. The plasma cytokine levels of (A) MIP-1 beta, (B) RANTES, (C) IL-18,
(D) IP-10, (E) Eotaxin, and (F) HGF from healthy volunteers (N = 29), COVID-19 patients (N = 31), and recovered (N = 18) subjects. Data are presented as a median with

95% confidence interval, *P < 0.05, %P < 0.001, #P < 0.0001.

production through the JNK-c-Jun signaling pathway; in turn,
TNF-« affected the expression and distribution of tight junctions
in brain microvascular endothelial cells resulting in BBB dam-
age.* However, in our study, TNF-« levels were below the lower
limit of quantification in 95% of all tested samples. This possibly
reflects an inappropriate inflammatory response that may occur
during COVID-19.>°

We also found that plasma HGF levels were significantly
higher in COVID-19 patients than in recovered (P < 0.001)
and healthy (P < 0.05) subjects. Hepatocyte growth factor pro-
duced by stromal and mesenchymal cells regulates epithelial
cell proliferation, motility, morphogenesis, and angiogenesis.”!
Hepatocyte growth factor is a pleiotropic cytokine with anti-
inflammatory properties that plays a key role in lung tissue
repair and can modulate the adaptive immune response.>?>3
Increased HGF production induced by lung injury promotes tis-
sue repair.! In general, increased circulation of growth factors
such as HGF is associated with repair mechanisms following
acute lung injury during SARS-CoV-2 infection.* However, a
marked increase in HGF was also significantly correlated with
disease severity.>->* Hepatocyte growth factor is also a marker of
neutrophil activation, it was considered as one of the strongest

indicators of critical illness in COVID-19.>> Moreover, upregu-
lated HGF in intensive care unit patients is elevated in chronic
inflammatory diseases.”® In our study, HGF levels in the blood
of COVID-19 patients were 11 times higher than in recovered
subjects (P < 0.001) and 5 times higher than in healthy subjects
(P < 0.05). Our findings are in agreement with studies showing
an association of HGF with the severity of COVID-19.43:52

Throughout the course of the COVID-19 pandemic, various
strains of the SARS-CoV-2 virus have emerged, exhibiting dif-
ferent characteristics and potential pathological effects.”” It is
worth noting that most of the published research investigating
cytokine profiles and viral impact on the BBB was conducted
during the early and middle stages of the pandemic. However,
for our study, blood plasma samples were collected during the
period from February 2022 to April 2023, which represents a later
stage of the pandemic. It is plausible to speculate that the novel
circulating viral strains, which emerged during this period, may
have undergone genetic variations and evolutionary changes,
potentially leading to alterations in cytokine profiles and their
influence on BBB.

In conclusion, our study demonstrates that blood plasma
from COVID-19 patients, although enriched with pathologically
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relevant cytokines and chemokines, does not affect BBB electri-
cal resistance. Our findings warrant further research to explore
possible indirect mechanisms of pathological BBB remodeling
during COVID-19.
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