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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has had a global
impact and resulted in millions of deaths worldwide. The course of the Janus kinase signaling
transducers and activators (JAK-STAT) pathway is an important molecular pathway that is involved
in the cellular response to various cytokines and growth factors promoting an inflammatory response.
The overactivation of the JAK-STAT signaling pathway in coronavirus disease 2019 (COVID-19)
and its effect on acute respiratory distress syndrome (ARDS)-induced inflammatory processes was
observed in various clinical articles that focused on JAK-STAT regulation regarding angiotensin con-
verting enzyme 2 (ACE2) expression and cytokine storm release. Down-regulation of the JAK-STAT
signaling pathway through inhibitors decreases the inflammatory response by decreasing cytokine
storm release. However, the increased regulation of JAK-STAT in severe COVID-19 patients caused
cytokines such as interferon alpha (IFN-x) to promote the phosphorylation of STATs. This response
indicated an imbalance with JAK-STAT regulation and its inability to induce the transcription of
interferon stimulated response elements. Furthermore, an increase in ACE2 regulation was noted to
also increase JAK-STAT signaling, yet the down-regulation of JAK-STAT signaling can result in the
overexpression of ACE2 by binding to SARS-CoV-2 and increasing STAT1 expression. Data suggest
that inflammatory cytokines enhance the activation of ACE2 in endothelial cells via JAK-STAT path-
way. Increasing the regulation of the JAK-STAT signaling pathway enhances the release of cytokines
such as tumor necrosis factor alpha (TNF-«) and interferon gamma (IFN-y), further expressing ACE2.
The expression of ACE2 regulates STAT1 and STAT2 expression, leading to the up-regulation of the
inflammasomal complexes in hyper-inflammatory responses from the JAK-STAT pathway. Through
the review of various clinical reports, the effect of the JAK-STAT signaling pathway on ARDS-induced
inflammatory response was observed and correlated with the expression of ACE2 and cytokine storm
release in severe COVID-19 cases.
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1. Introduction

In late December of 2019, Wuhan, Hubei Province, China reported the first cases of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral infection, preceding
the global outbreak of 2019 coronavirus disease (COVID-19) [1]. The worldwide pandemic
has resulted in the deaths of more than 6 million individuals [2]. In the last three years,
extensive research has been undertaken to further understand SARS-CoV-2 and its mecha-
nism of disease; however, various countries continue to experience outbreaks of COVID-19
due to the emergence of mutant variants of the virus. SAR-CoV-2 is a single-stranded
positive-sense RNA virus surrounded by a phospholipid membrane covered with a series
of box spike glycoproteins [2]. This virus is a novel betacoronavirus belonging to the
same subgenus as the severe acute respiratory syndrome coronavirus (SARS-CoV) and the
middle east reparatory syndrome coronavirus (MERS-CoV), which are linked to respiratory,
enteric, hepatic, and neurological diseases [2]. In severe COVID-19, viral pneumonia from
SARS-CoV-2 infection progresses to acute respiratory distress syndrome (ARDS) [2,3].
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ARDS is considered an expeditious progressive non-cardiogenic pulmonary edema,
which can present with dyspnea, tachypnea, and hypoxia, quickly leading to respiratory
failure [3]. ARDS occurs after a pulmonary or extra-pulmonary insult initiates the release
of inflammatory mediators, thus stimulating inflammatory cells that build up in the alve-
oli and microcirculation of the lungs [3]. This inflammatory response can lead to severe
damage within the endothelium and alveolar epithelium of the lungs, which can result in
complications such as pulmonary edema, hyaline membrane formation, decreased lung
compliance, and decreased gas exchange, which can quickly decline into respiratory failure.
Pulmonary inflammation in the ARDS molecular pathways involves impaired immune
response and uncontrollable inflammatory innate response [3]. When the pandemic began,
the understanding of COVID-19 disease progression was limited and therefore the therapeu-
tic management of this viral disease was inadequate to meet the growing needs. Currently,
a variety of therapeutic options are available that include antiviral drugs, anti-SARS-CoV-2
monoclonal antibodies, anti-inflammatory drugs, and immunomodulator agents, which
are available under the FDA-Issued Emergency Use Authorization or are being evaluated
for the management of COVID-19 [2,4-6]. The application of these treatments must be
specified based on the gravity of the illness or various risk factors [2].

There are two phases in the clinical course of SARS-CoV-2 infection. In the early phase,
the viral replication is greatest before (or soon after) the onset of symptoms. During this
phase, antiviral medication and antibody-based treatment are more likely to halt viral
processes to clear the infection [2]. The later phase of the viral infection is marked by a
hyperinflammatory state induced by cytokines’ release. Treatment options for this phase
include anti-inflammatory drugs such as corticosteroids, immunomodulating therapies, or
a combination thereof [5]. This later inflammatory phase of the infection has the highest
rate of mortality [5].

Various molecular pathways are involved in the pathogenesis of SARS-CoV-2 [3,7].
The Janus kinase signaling transducers and activator of transcription (JAK-STAT) pathway
is an important molecular pathway that is implicated in the pathogenesis of inflammatory
and autoimmune diseases [8]. The cellular response to dozens of cytokines and growth
factors is mediated by the JAK-STAT signaling pathway [8,9]. The responses that activate
this pathway include proliferation, differentiation, migration, apoptosis and cell survival,
depending on the signal, tissue, and cellular context [8]. Pathway activation occurs via
cytokine receptor-ligand binding, which causes the phosphorylation of JAK [10]. Trans-
phosphorylated JAKSs begin to phosphorylate downstream substrates such as receptors
and STATs [10]. Once the STATs are activated, they enter the nucleus and bind as dimers
or a complex oligomer to further target genes, regulating their transcription and transmit-
ting cytokine signals [11]. Observations suggested that a cytokine storm associated with
SARS-CoV-2 infection overactivates JAK-STAT signaling in target cells to further increase
inflammatory response and up-regulate tissue factors [10]. An increase in the serum level
of pro-inflammatory cytokines, such as interleukin 6 (IL-6), has been shown to act as a piv-
otal component in cytokine storm release by further recruiting natural killer cells (NKCs),
T-lymphocytes, macrophages, neutrophils, and chemokines to aid with the inflammatory
response [11]. Overactivation of JAK-STAT signaling amplifies the pathologic effect of
SARS-CoV-2 infection, and a significant correlation between angiotensin-converting en-
zyme 2 (ACE2) and the JAK-STAT signaling pathway has been observed [9,12]. In standard
conditions, it has been indicated that the JAK-STAT signaling pathway is involved in the
downstream action of the overactivation of ACE2 [12]. ACE2 is a close homologue of
angiotensin-converting enzyme (ACE) and functions as a negative regulator of the an-
giotensin system [13]. Specifically, in COVID-19, ACE2 is a significant membrane entry
receptor for SARS-CoV-2 cellular infection [13]. In the lungs, ACE2 is used to protect
against acute lung injury; however, SARS-CoV-2 progression causes the downregulation of
ACE2 [13]. The downregulation of ACE2 impacts the function of angiotensin II (Ang II) and
the renin-angiotensin—-aldosterone system (RAAS) in a variety of tissues, and contributes
to lung injury [13].
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The role of the JAK-STAT signaling pathway in COVID-19 and its involvement in the
inflammatory response that is induced by SAR-CoV-2 infection, leading to the development
of ARDS, comprise an extensive and intricate process. While many excellent review articles
have been published addressing COVID-19’s pathogenesis [14-16], ARDS [3,17,18], and
the JAK-STAT signaling pathway [19-21], this manuscript focuses on a systematic review
of clinical and observational trials conducted at the intersection of these topics to gauge
the cellular effects. This review aims to elucidate the current understanding of the intricate
interplay between JAK-STAT overactivation and ARDS progression in severe COVID-19,
along with what is currently understood about the role of ACE2. The various clinical
reports on the effects of regulation of the JAK-STAT signaling pathway on ARDS-induced
inflammatory response, including the role of ACE2 and cytokine storm release related to
severe COVID-19, are discussed here.

2. Methods

A systematic literature review was conducted using the search engines PubMed,
Google Scholar, and ScienceDirect. The filters used were free full text, clinical trials,
and randomized controlled trials. Publications from the years 2019-2024 were selected.
Articles were included if they contained the key words (a) COVID-19 and/or SARS-CoV-2
infection and (b) JAK-STAT signaling pathway or inflammation, in combination with
(c) ACE inhibitors and/or (d) ARDS. Clinical trials published in English were the main
articles that were reviewed. Additionally, articles that did not relate to JAK-STAT or
inflammatory pathways were excluded. Figure 1 below shows a schematic representation
of the systematic literature review, which followed PRISMA guidelines (Figure 1). Summary
data and citations for each article analyzed is available in Table 1 below.

Table 1. Summary of the literature reviewed, and findings related to COVID-19, ARDS and the

JAK-STAT signaling pathway.

Reference Sample/Subject(s) Analyses Key Findings Limitations
Serum levels of | Levels of p-STAT3 and
Bronte 44 females and . J levels of IL-1B, IL-6, L. .
. pSTATS3, cytokines and Missing immunological
etal., 44 males with . and TNF-« plasma
. chemokines were . parameters for enrolled
2020 COVID-19 pneumonia measured pre and post  concentrations found on atients
[22] treated with baricitinib p p individuals taking P '
treatment e
baricitinib
T p-STAT levels in
Peripheral blood patients with severe
mononuclear cells Cells from healthy COVID-19, indicating the The mechanism of
Rincon-Arevalo (PBMCs) from patients and mild and imblance of JAK-STAT JAK-STAT pathway
etal., 20 healthy patients and severe COVID-19 signaling pathway for inhibition at the
2020 30 COVID-19 patients  patients were evaluated transcription of molecular level
[23] treated with with low for pSTAT and interferon-stimulated remains speculative for
dose of TNF-oc and interferion effect response elenents (IRSE)  further investigation.
IFN-y and interferon signaling
for cytokine release
Sample size
Downregulation of the limitations and
GEO database of JAK-STAT pathway leads verification of the
Luoetal, 174.1 Hu'man Airway ACE2 regulation of to the ¢ distribution of relationship
Epithelial (HAE) cell . interferon- between
2021 STAT with type I and II .
[24] data, 84 of those IFNS and STAT1 stimulated genes and the COVID-19 and
samples infected with 1 of STAT1 expression JAK-STAT
COVID-19 causing over-expression signaling pathway in
of ACE2 in HAE cells. pathogenesis

infection.
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Table 1. Cont.

Reference

Sample/Subject(s)

Analyses

Key Findings

Limitations

Kandhaya-Pillai et al.,
2022
[25]

Senescent and
non-senescent Human
umbilical vein
endothelial cells
(HUVECsS) cultured
with cytokines

Viral entry was
measured by over-
expression of ACE2,
associated with
regulation of the
JAK-STAT pathway
and its inflammation
response

Combination of TNF-o or
IFN-y expressed
upregulation for

inflammasome
complexes in
hyper-inflammatory
responses for the
JAK-STAT signaling
pathway. 1 STAT3
phosphorylation under
IFN-y response. 1
activation of STAT1
amplifies, prolongs, and
sustains
inflammation.

Sample age limitation
focused on the elderly
population. Limited
clinical trials for
JAK-STAT inhibition
pathway for COVID-19

Koutsakos et al.,
2021
[26]

Blood from actue and
convalescent
COVID-19 individuals
(85) using
3 multi-parameter flow
cytometric panels and
TrackSOM

Innate and adaptive
immune response in
longitudinal acute and
convalescent blood
samples were studied
to analyze IL-6
signaling

Identification of IL-6 and
IL-8 receptors correlated
to
COVID-19 severity
regarding dysregulation
of cytokines and immune
hyperactivation.

Study only
implemented one time
series algorithm to tract

infection activation

Karki et al.
2021
[26]

Evaluation of
pro-inflammatory
cytokines such as

TNF-« and IFN-y that
are upregulated in

SARS-CoV-2

Bone marrow-derived
macrophages (BMDMs)
were treated with
different combinations
of common high
regulated cytokines.
Mouse models were
used to observe
antibody treatment
with specific cytokines.

Combination of TNF-«
and IFN-y induced
inflammatory cell death
and targets JAK-STAT
signaling pathway.
Treatment of antibodies
against TNF-oc and IFN-y
decreased mortality rate
during SARS-CoV-2
infection and cytokine
shock.

Insufficient information
for molecular pathway
for cytokine storm.
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Figure 1. Flow chart of systematic review parameters for the identification of studies from online
databases (chart template provided by Prisima®). Articles were excluded if they were not clinical or
observational trials published in English, did not pertain to the JAK-STAT pathway, inflammation
response, cytokine release storm, COVID-19, SARS-CoV-2, or ACE2, or if the full text was unavailable.

3. Results
3.1. JAK-STAT Role in COVID-19 Pathology

Cytokine storm and inflammation are contributors to the systemic symptoms experi-
enced by COVID-19 patients. Researchers have found that cytokine signals induce the JAK
signaling cascade through receptor activation by the phosphorylation of the intracellular
tails of the receptor, as summarized in Table 1 and Figure 2 [7]. Receptor phosphorylation
allows the attachment of members of the STAT family of transcription factors, thus causing
dissociation and translocation to the nucleus [7]. Inflammation is elevated in COVID-19
with an increase in IL-6, IL-2, IL-15, and IL-10. IL-6 binds to IL-6 receptor glycoprotein 130,
activating JAK-STAT signaling in numerous cells, promoting the release of chemokines
and monocytes and neutrophil recruitment [20]. Other cytokines like IL-2 bind to natural
killer cells, triggering JAK signaling and increasing NK cytotoxicity, yet IL-15 regulates
NK function through JAK1 activation [27]. Furthermore, Ravid and co-workers found
that JAK-STAT signaling is activated in epithelial cells and amplifies the production of
von Willebrand factor (vWF) and angiopoietin-2, increasing both the vascular and pul-
monary endothelium [7]. The activation of endothelial cells then releases tissue factor (TF).
However, in SARS-CoV-2-infected cells, the overactivation of JAK-regulated mechanisms
causes TF elevation and increases coagulopathy [7]. The increase in TF is related to the sup-
pressed levels of ACE2 in SARS-CoV-2-infected cells. While ACE2 expression is suppressed,



Immuno 2024, 4

152

gressenenees e S

....................
K .

IFN- and IFN-y increase STAT production '." m "“

to amplify and prolong inflammatory F by

complexes

v increase interferon signaling for cytokine

.
'
.
'
.
|
.
\
‘A
\
\ ; 3
\ i .
Immune Response (j.g, TNF-a, IL-6, IFN- H Transcription ¢
. by / ;
RN O r
4

9
TNF-q, IL-6, IFN-y enhanced regulation o o
ACE2inendothelial cells vt

............................................................................................................ F  Ack2 receptor

angiotensin-2 (ANG-II) is upregulated, increasing TF expression and microvascular throm-
bosis in COVID-19 patients [28]. The current understanding is that JAK-STAT signaling in
COVID-19 patients causes an increase in inflammatory cytokine activation as well as the
upregulation of various coagulation cascade factors, such as ANG-II, vWE, and TE.
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Figure 2. Cytokines such as TNF-c, IL-6, IFN-y, and IFN-o bind to their respected receptor in response
to SAR-Cov-2 cellular infection. The initiation of JAK phosphorylation is led by the activation of the
cytokine receptor, increasing p-STAT production. The phosphorylated STAT complex translocates
to the nucleus, initiating transcription and gene expression of inflammatory mediators. In severe
COVID-19, low levels of IFN cytokines increase STAT regulation, increasing and prolonging the
inflammatory response. Additionally, TNF-«, IL-6, and IFN-y levels increase ACE2 expression in
endothelial cells and interferon signaling for cytokine storm release.

3.2. JAK-STAT Effects on Cytokines

While studies have been conducted, there has been no direct evidence definitively link-
ing the involvement of specific pro-inflammatory cytokines or chemokines in the pathology
of COVID-19 [22]. A correlation has, however, been demonstrated between the severity of
the disease and the increase in concentration of cytokines and chemokines in the serum.
Pro-inflammatory cytokines such as interleukins (IL)-2, -4, -6, -7, and -10, tumor necro-
sis factor alpha (TNF-c), and interferon gamma (IFN-y) were identified in patients with
COVID-19 who were hospitalized [22]. While other inflammatory pathway mechanisms
can contribute, these and other cytokines and chemokines are released by the distinct
intracellular signaling pathways mediated by the JAK signaling pathway [3,19]. Downregu-
lation of the JAK-STAT singling pathway through JAK-STAT inhibitors was found to reduce
the pro-inflammatory process induced by SARS-CoV-2 infection [22]. An observational
longitudinal trial was conducted using the immunomodulatory medication baricitinib,
where 88 patients (44 female and 44 male) who were hospitalized in the Unit of Internal
Medicine at the University Hospital of Vernon and Pederzoli Hospital of Peschiera were
treated with 4 mg of baricitinib twice a day for 2 days, followed by 4 mg once per day for
7 days [22]. The analysis of the downregulation on molecular targets of baricitinib activity
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was observed with patients that acquired COVID-19-related pneumonia and displayed an
increase in phosphorylated STAT3 (p-STAT3). The application of baricitinib expressed a
significant inhibition of p-STAT3 four days after administration in various cells, such as
T-lymphocytes, NKCs, monocytes, and neutrophils [22]. The levels of p-STAT3 and change
in immune phenotype were compared with serum-derived cytokine levels and antibodies
against severe acute respiratory response, resulting in a significant reduction in IL-1B, IL-6,
and TNF-« plasma concentrations for patients taking baricitinib [22], while control groups
displayed no reduction, indicating that baricitinib treatment inhibits cytokine storm release
by regulating the JAK-STAT pathway.

Datasets of healthy volunteers and patients with moderate to severe COVID-19 in-
fections were analyzed to determine the pro-inflammatory cytokines circulating during
infection [26]. This dataset included treatment of bone marrow-derived macrophages
(BMDMs) with cytokines, such as IL-6, IL-18, IL-15, IL-2, IL-1«, IL-1(3, TNF- and IFN-y, in
various combinations known as cocktails. It was noted that out of 28 combinations tested,
combinations with TNF-« and IFN-y induced an inflammatory response leading to cell
death and cytokine storm. Yet, combinations that did not have TNF-o and IFN-y failed to
cause cell death, confirming their importance in inflammation-induced cell death [26]. The
production of STAT1 in patients with severe COVID-19 and BMDMs treated with TNF-o
and IFN-y was observed and cells inhibiting STAT1 production were protected from inflam-
matory cell death [21,26]. Evidently, their findings suggested that STAT1 contributed to
inflammatory cell death in severe SARS-CoV-2 patients. Mice that lacked TNF-« receptors
displayed reduced lung inflammation and reduced mortality rate following infection [26].
To understand the implications of TNF-o- and IFN-y-blocking treatments, neutralizing
antibodies against TNF-o and IFN-y were tested. Mice injected with the antibodies dis-
played neutralized TNF-a and IFN-y and were protected from inflammatory cell death [29].
To clearly examine the efficacy during a SARS-CoV-2 infection, the murine SARS-CoV-2
infection model was used, and by day 7 post-infection, almost all control-treated mice were
infected [29]. Antibody usage against TNF-« and IFN-y decreased STAT1 production in
the JAK-STAT signaling pathway, reducing cell death [26].

In another study by Sataker and co-workers, the up-regulation of the STAT1 in the
JAK-STAT signaling pathway was observed in patients with severe COVID-19 and highly
impaired IFN type I, reducing IFN-« production and activity, which are considered proin-
flammatory cytokines [30]. IFN-« is considered to represent a broad class of cytokines,
elicited upon challenge to the host defense, and is essential for mobilizing immune de-
fense [31]. JAK phosphorylation, meditated by cytokine receptor activation, leads to the
phosphorylation of STATs that translocate into the nucleus to trigger translation of in-
flammatory mediators [31]. STAT1 signaling is regulated through phosphorylation and
is part of the IFN-mediated viral responses that induces complexes such as interferon-
stimulated gene factor three (ISGF3), which is known for the application of IFN-mediated
signals [23]. To evaluate the functionality of type I and II IFN signaling, peripheral blood
mononuclear cells (PBMCs) were obtained from 20 health individuals and 30 COVID-19
patients, then a cytokine storm was stimulated with low doses of either IFN-« or IFN-y
for 48 h [23]. The stimulation induced by IFN-« led to the transcriptional upregulation
of STAT1 in CD3+ T-cells and CD19+ B-cells for healthy controls and CD19+ B-cells in
mild COVID-19 cases [23]. After stimulation with a low-dose IFN-x or IFN-y for 48 h,
phosphorylation of STAT1 was unchanged for the healthy controls and mildly affected
COVID-19 patients. However, severely affected COVID-19 patients showed increased
levels of p-STAT1 [23]. Cytokines, including IFNs, use the JAK-STAT signaling pathway
with a highly common system of heterogenous molecules that conduct specific signaling
through a defined receptor complex that may recruit different STATs and lead to distinct
downstream transcription. Therefore, the increased phosphorylation of STAT1 in patients
with severe COVID-19 was indicative of the imbalance in the JAK-STAT signaling pathway,
inducing transcription of interferon-stimulated response elements (IRSE) to promote in-
terferon signaling for cytokine release [23]. Additionally, 85 confirmed COVID-19 cases
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were obtained to analyze the immune dysregulation of SARS-CoV-2. This study included
12 critically ill, 20 ward, 1 discharged, and 52 ambulatory patients. Acute samples were
gathered during the patient’s hospital stays or within 2 weeks post symptom onset for
outpatients [26]. Convalescent samples were obtained after hospital discharge or 26 days
post symptom onset for outpatients [26]. Cytokines/chemokines in moderate and severe
acute and convalescent COVID-19 plasma samples were observed. It was noted that IL-6 is
an important cytokine that drives inflammation responses in SAR-CoV-2 infection. There-
fore, the level of IL-6 was measured in moderate and severe and convalescent SARS-CoV-2
samples, where IL-6, IL-8, and IL-10 were significantly upregulated in acute samples [26].
IL-6 and IFN-y levels were also linked to acute samples from various patients, compared to
healthy controls, expressing a rapid innate immune response towards infection [26]. Similar
to the results found in the study by Rincon-Arevalo et al., the levels of IFN-y and IL-6
increased cytokine storm release and the regulation of the JAK-STAT pathway in COVID-19
for immune hyperactivation [22].

3.3. Involvement of ACE2 on JAK-STAT Signaling Pathway

SARS-CoV-2 spike protein shares similar nucleotide sequences and common receptors
with ACE2. The gene expression of ACE2 was investigated and correlated with the JAK-
STAT signaling pathway [24]. A microarray of datasets from the Gene Expression Omnibus
(GEO) database, included 174 human airway epithelial (HAE) samples, with 89 samples
from COVID-19 patients, were analyzed by Luo and coworkers [24]. These were further di-
vided into nine groups based on different time points after initial infection. The correlation
of ACE2 and specific genes related to the JAK-STAT pathway in airway epithelial cells was
analyzed in cells with or without SARS-CoV-2 infection [24]. The association of high ACE2
expression with the presence of members of the JAK-STAT pathway (such as JAK2, STATI,
STAT2, STAT4, and STAT5A) indicated that the activation of ACE2 in SARS-CoV-2 infection
is related to type I and II IFNs and the STAT family [24]. It was noted that the increased
expression of ACE2 can induce further overactivation of the JAK-STAT signaling pathway
and continue to produce an immune response after SARS-CoV-2 infection has been cleared,
potentially contributing to the reported “long COVID-19” symptoms [24]. Downregulation
of the JAK-STAT pathway can lead to the decreased distribution of interferon-stimulated
genes and an increase in STAT1 expression. This results in the overexpression of the ACE2
receptor, which binds SARS-CoV-2 for viral entry into the host cell in severe COVID-19
patients [30].

TNEF-o/IEN-y amplification has been related to associated inflammation in SARS-CoV-2
regarding ACE2 receptors and their correlation with the JAK-STAT pathway. SARS-CoV-2
uptake receptors, such as ACE2 and DPP4, were compared in senescent and non-senescent
human umbilical vein endothelial cells (HUVECsS) [25]. Data showed that inflammatory
cytokines, TNF-«, and IFN-y have synergistically enhanced activation of ACE receptors in
endothelial cells via the JAK-STAT pathway [25]. HUVECs were cultured and stimulated
with cytokines for 5-7 days to detect whether viral entry via receptors was present in
senescent HUVECs and non-senescent cells. Expression patterns of ACE2 were detected
and correlated with the inflammation of the JAK-STAT pathway. It was noted that endothe-
lial cell injury coupled with excessive inflammation is a key driver of COVID-19 severity.
TNF-«, IFN-y, and IL-6 are important markers of cellular senescence and COVID-19 recep-
tor expression [32]. The increased SARS-CoV-2 viral uptake via receptors such as ACE2
is enhanced by TNF-a and IFN-y in endothelial cells via the JAK-STAT pathway [25].
Senescent cells were shown to increase the burden with aging patients, and data suggested
that inflammation and infection are lower in younger children compared to adults. This
could be related to the low expression of ACE2 that regulates ANGII signaling and ANGII
receptors type 1 and type 2, which play a major role in controlling inflammation [8,16].
These receptors were higher in senescent cells than non-senescent cells, and it was observed
that they could contribute to senescent cell burden in patients with severe infection [24].
The HUVECs were exposed to TNF-« or IFN-y alone or in combination for 3 days and
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ACE2 expression was analyzed via Western blot. The analysis observed a higher ACE2
expression in cells exposed to TNF-o or IFN-y alone or in combination for 3 days than
in controls [33]. Furthermore, the JAK-STAT pathway was then tested to explain the role
of cytokine-induced ACE2 receptor expression in correlation with inflammation. STAT3
phosphorylation increases in response to IFN-y, which was higher under the upstream
regulator, while phosphorylation of STAT1 was increased with a combination of TNF-& and
IFN-y [8,16]. Additionally, the combination of TNF-& and IFN-vy triggered upregulation for
inflammasomal complexes in hyper-inflammatory responses of the JAK-STAT pathway and
the excessive activation of amplified, prolonged, and sustained STAT1 inflammation [25].

4. Discussion

While the JAK-STAT signaling pathway acts in part as a natural defense to trigger the
immune system’s containment of pathogenic attack, as summarized in Table 1 and Figure 2,
the inflammation response in COVID-19 can be linked to the involvement and overactiva-
tion of the JAK-STAT pathway in various molecular factors, leading to cytokine storm and
negative outcomes for patients. It has been observed that autoimmune destruction of im-
mune factors can lead to adverse outcomes for patients experiencing viral infection [34-36].
However, overactivation is also harmful, as seen when cytokines such as TNF-« and IFN-y
were observed at a high concentration in the serum of patients that were diagnosed with
severe COVID-19 [22]. It was noted that cytokines and chemokines such as IL-2, IL-4, IL-6,
IL-7, IL-10, TNF-«, and IFN-y are released by intracellular signaling pathways that are
controlled by the JAK-STAT pathway [22]. Baricitinib, a JAK ¥4 inhibitor, has been observed
to downregulate JAK-STAT and its effects on the inflammatory response, including au-
toimmune disfunction and viral activation of cytokine storm [9]. It was observed that
the downregulation imposed by baricitinib treatment allowed the molecular inhibition of
p-STAT3. In patients with a severe acute respiratory response, it was noted that cytokine
levels of IL-1B, IL-6, and TNF-a were reduced significantly in the plasma concentrations of
patients taking baricitinib [22]. Limited correlation was observed for in vitro studies which
challenged cells with the SARS-CoV-2 spike protein alone [37]. Conversely, a clinical trial
using an inhaled pan-JAK inhibitor (1-4), nezulcitinib, did not show statistically significant
improvement in hospitalized COVID-19 patients compared to placebo-treated controls,
but may still be advantageous for use in certain at risk populations [38]. It was concluded
by Bronte et al. that the downregulation of the JAK-STAT pathway via baricitinib inhibits
cytokine storm release, effectively decreasing the inflammation response [22].

In contrast, a study by Sataker and co-workers examined the up-regulation of the
JAK-STAT signaling pathway in patients with severe COVID-19 and observed IFN type 1
impairment which reduced IFN-o production and activity [30]. It was noted that STAT1
was lower among severely affected COVID-19 patients compared to those who with only
mild COVID-19 symptoms. The expression of STAT1 was found to be lower in patients
diagnosed with severe COVID-19; however, p-STAT1 levels increased among these patients
based on IFN signaling [30]. These implications were said to be the cause of viral factors
that can impair the proper function of STAT1 when stimulated with IFN-o« or IFN-y.
Furthermore, the induced stimulation of these cytokines leads to an up-regulation of p-
STAT1 in severe COVID-19 patients after stimulation with a low dose of IFN-& or IFN-y.
This was especially evident in cultured PBMCS (CD19+ B cells and CD3+ cells), where only
a small increase in IFN-o or IFN-y was needed to increase p-STAT1 [30]. The increase in
phosphorylated STAT1 suggested the dysregulation of the JAK-STAT signaling pathway in
response to stimulation with a low dose of IFN-« or IFN-y. While there have been various
reports of differences in the observations made in vitro versus in vivo for treatment and
inflammatory progression for COVID-19 patients, the results of this study seem to indicate
the cytokine release measurable in PBMCS can be correlated with the severity of patient
symptoms [37,39]. The limitations of the Sataker study involved a limited understanding of
the molecular mechanism regarding the upregulation of p-STAT signaling due to reduced
levels of IEN regulation [30]. Understanding this mechanism proficiently in the future
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will assist in patient therapies. Furthermore, in the study performed by Klein et al., TNF-
o« and IFN-y were observed in severe COVID-19 and BMDM-treated cells. Cells that
inhibited STAT1 production, thus inhibiting JAK-STAT signaling, protected the cells from
cell death via inflammatory response. Antibody treatment in mouse models also supported
these findings, suggesting that the role that STAT1 plays in the inflammatory response in
SARS-CoV-2 infection is important, and that low production via JAK-STAT leads to low
mortality in cells during infection. The pursuit of inhibition of the IL-6 receptor, through
antibodies and other means, to stem the cascade of JAK-STAT overactivation is also a
viable therapeutic option, and has been reviewed elsewhere [40,41]. Additional targets for
disease-causing genetic characteristics are being investigated and may yield viable routes
for treatments and severe disease prevention [42].

The involvement of the JAK-STAT signaling pathway in inflammation is not limited
to cytokines; implications on ACE2 receptors have also been observed. A correlation
between ACE2 and specific gene expression related to the JAK-STAT pathway, such as
JAK2, STAT1, STAT2, STAT4, and STAT5, has been documented [24]. Primarily, the acti-
vation of ACE2 in COVID-19 infection has been linked to type 1 and II IFNs and STAT
upregulation. The increase in ACE2 induces an increase in the STAT signaling pathway,
continuing an active immune response even after the SARS-CoV-2 infection has been
cleared. This overexpression was noted in human airway epithelial cells in various cells,
such as B cells, macrophages, helper T cells 1, and CD8+T cells. The correlation between
ACE2 and the JAK-STAT signaling pathway indicated that these pathways are involved in
the downstream action of the overactivation of ACE2 by type I/II IFNs. Baricitinib is also
believed to inhibit nuclear-factor-kappa-beta activating kinase (NAK), which facilitates
viral endocytosis following viral binding to ACE2, further mitigating viral infection [9].

Similarly, TNF-« and IFN-y have been directly linked to the JAK-STAT pathway and
its association with the inflammation process. According to a recent study by Kandyhaya-
Pillai, inflammatory cytokines such as TNF-a and IFN-y are linked to the enhanced acti-
vation of ACE receptors, not only in endothelial cells via the JAK-STAT pathway [25]. It
was expressed that underlying conditions and advanced age played a factor in relation
to the severe complications of COVID-19, including cytokine storm release, which can
be connected to immune response dysregulation [25]. The increased replication rate of
SARS-CoV-2 after cellular entry via ACE2 receptors was enhanced by TNF-« and IFN-y in
endothelial cells, and this was also observed in senescent HUVECs. STAT3 phosphorylation
increased in response to IFN-y, while STAT1 increased when interacting with both TNF-«
and IFN-y. TNF-« and IFN-y enhanced the expression of SARS-CoV-2 viral entry receptors,
amplified senescence-associated inflammation, and started a positive feedback loop via
the hyper-activation of the JAK-STAT pathway in endothelial cells [25]. A key limitation of
this study is the narrow age range of patients for which data were collected. Clinical trials
are currently being conducted to further analyze the molecular mechanism of JAK and
cytokine-driven cellular senescence and the link between inflammation and SARS-CoV-2
viral entry into host cells.

In summary, the JAK-STAT signaling pathway is heavily affected by the expression of
ACE2 and cytokines during a SARS-CoV-2 infection (Table 1 and Figure 2). The upregula-
tion of ACE2 can lead to the overactivation of the JAK-STAT signaling pathway, increasing
the inflammation response. This was seen when ACE2 receptors were exposed to cytokines
such as TNF-« and IFN-y, which further increased the ACE2 response. Furthermore, an
increase in phosphorylated STAT1 and STAT3 related to cytokine dosage was observed
to affect the downregulation of JAK-STAT signaling. The downregulation of JAK-STAT
promotes the phosphorylation of STAT complexes to drive a required immune response.
In the future, the enhancement of human clinical trials to observe JAK-STAT signaling
regulation and its effects on ACE2 and cytokine release should be further assessed. For
example, a clear molecular model of a cytokine storm should be further explored in the
future to obtain a better understanding of the effect the JAK-STAT pathway and its rela-
tionship with cytokine storm release. Trials for cytokine inhibition, such as IL-6, have also
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been discussed and could be used in the future to assist JAK-STAT signaling as well. The
regulation of various viral diseases like COVID-19 can be better understood and controlled
when understanding how the JAK-STAT signaling pathway is associated with the body’s
immune response.
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