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Abstract

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by the SARS-CoV-2 betacoronavirus and has taken
over 761,426 American lives as of the date of publication and will likely result in long-term, if not permanent, tissue damage
for countless patients. COVID-19 presents with diverse and multisystemic pathologic processes, including a hyperinflamma-
tory response, acute respiratory distress syndrome (ARDS), vascular injury, microangiopathy, tissue fibrosis, angiogenesis,
and widespread thrombosis across multiple organs, including the lungs, heart, kidney, liver, and brain. C-X-C chemokines
contribute to these pathologies by attracting inflammatory mediators, the disruption of endothelial cell integrity and func-
tion, and the initiation and propagation of the cytokine storm. Among these, CXCL10 is recognized as a critical contributor
to the hyperinflammatory state and poor prognosis in COVID-19. CXCL10 is also known to regulate growth factor-induced
fibrosis, and recent evidence suggests the CXCL10-CXCR3 signaling system may be vital in targeting convergent pro-
inflammatory and pro-fibrotic pathways. This review will explore the mechanistic role of CXCL10 and related chemokines
in fibrotic complications associated with COVID-19 and the potential of CXCL10-targeted therapeutics for early intervention
and long-term treatment of COVID-19-induced fibrosis.
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Introduction

SARS-CoV-2 infection and the subsequent COVID-19
disease manifestation involve extensive organ damage,
including the lungs, heart, kidney, liver, and brain. The
multi-organ complications of COVID-19 result from com-
promised vascular integrity, which leads to fluid retention,
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excessive inflammatory cell infiltration, endotheliitis, and
the activation of coagulation pathways. Viral damage and
the multi-organ hyperinflammatory state, often referred to
as the “cytokine storm,” are thought to cause tissue dam-
age through repetitive insult and induce a continuously
remodeling fibrotic state. Fibrosis has emerged as a serious
and long-lasting comorbidity of COVID-19. However, the
lingering effects of the disease, often referred to as post-
COVID-19 syndrome, remain elusive. An effective thera-
peutic has yet to sufficiently address both the underlying
causes of fibrosis and the observed aberrant viral-induced
tissue damage. This review will explore the intersection of
the inflammatory and fibrotic state in COVID-19 and poten-
tial therapeutics to address these convergent pathologies.
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A major co-morbidity of COVID-19 is acute respiratory
distress syndrome (ARDS). An estimated 50% of hospital-
ized COVID-19 patients with COVID-19-induced pneumo-
nia develop ARDS, which has a 52.4% mortality rate [1].
ARDS is associated with diffuse alveolar damage, fibrin-rich
hyaline membranes, increased epithelial and endothelial cell
permeability, fluid leakage into the pulmonary interstitium,
gross disruption of gas exchange, hypoxia and respiratory
failure, and subsequent pulmonary fibrosis [2]. Evidence of
pulmonary fibrosis is evident in moderate to severe COVID-
19 patients through lung volume loss, architectural distor-
tion, and fibrotic bands in the late or remission stages of
COVID-19 [3] and in autopsies [4]. Pulmonary fibrosis is
also found in SARS patients 4 and 5 weeks after recovery
and in autopsies [5—8]. A 3 year follow-up revealed that ten
out of forty-six (21.74%) patients had restrictive ventilation
dysfunction, but fortunately, most recovered by 15 years [9].

Endothelial cells have emerged as a central player in the
pathogenesis of ARDS and multi-organ failure in patients
with COVID-19. The SARS-CoV-2 virus damages the vas-
culature both directly and indirectly. Pathological analysis
of the pulmonary vasculature of COVID-19 patients shows
high levels of microthrombi and vessel growth through
intussusceptive angiogenesis and, to a lesser extent, sprout-
ing angiogenesis, which is positively correlated with hos-
pitalization duration [10]. COVID-19 lung autopsies show
diffuse alveolar damage with widespread micro- and macro-
thrombi consistent with that of ARDS [11]. Inflammatory-
related genes associated with intussusceptive angiogenesis
have been reported to be upregulated in both ARDS and
COVID-19 patients [11]. By direct infection, SARS-CoV-2
can cause endotheliitis and subsequent endothelial cell
death [12]. SARS-CoV-2 can indirectly cause an increase
in vasculature permeability through activation of the kal-
likrein—bradykinin pathway by SARS-CoV-2/ACE2 binding
and subsequent ACE2 inhibition [13].

SARS-CoV-2 infection also results in pulmonary
endothelial cell recruitment of neutrophils, producing
reactive oxygen species (ROS) [14]. ROS increases inter-
endothelial gaps by increasing endothelial cell contractility
while simultaneously loosening endothelial cell junctions.
Fluid retention then arises from IL-1p and TNF activation of
glucuronidases which degrades glycocalyx and upregulates
hyaluronic acid synthase 2 [14]. Endothelial cells simulated
by IL-1p and TNF increase P-selectin, von Willebrand fac-
tor, and fibrinogen expression which bind and aggregate
platelets [15]. The protein C/protein S pathway, a disintegrin
and metalloproteinase with a thrombospondin type 1 motif
member 13 (ADAMTS13), tissue-type plasminogen activa-
tor (t-PA), and other coagulation factors are activated and
contribute to the dissolution of the fibrin-mesh. This triggers
fibrinolysis through the conversion of plasminogen to plas-
min [16]. The accumulation of fibrin breakdown products,
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such as fibrin-derived D-dimers, leads to the ischemic com-
plications found in COVID-19 patients with approximately
76% of hospitalized adults presenting with elevated D-dimer
levels [17]. Overall, widespread clotting has proven to have
critical consequences as 70% of fatal cases present with dis-
seminated intravascular coagulation (DIC) in comparison to
only 1% of the surviving population [18].

Viral infection of type II epithelial cells induces alveolar
macrophage activation [2], resulting in the secretion of pro-
inflammatory cytokines. These pro-inflammatory cytokines
recruit highly toxic neutrophils and activated platelets into
the alveolar space, which contribute to ARDS, the cytokine
storm, and systemic sepsis. Alveolar macrophages phagocy-
tose alveolar debris and produce cytokines, chemokines, and
growth factors involved in the repair of lung tissue and likely
play a role in SARS-coronavirus-induced pulmonary fibrosis
[5]; however, more work is needed to distinguish the effects
of pro-inflammatory insult from that of growth factors alone.

SARS-CoV and SARS-CoV-2 Infection and Lung
Fibrosis

Increased TGF-f-activity is suspected to arise, in part, from
a positive-feedback loop-induced influx of TGF-p-producing
immune cells and the upregulation of highly coagulative and
fibrinolytic pathways apt for TGF-p activation [19]. Unfor-
tunately, these conditions are ripe for producing rapid and
massive edema and fibrosis that seeks to remodel but ulti-
mately blocks pulmonary airways in COVD-19. TGF-f has
been described as the cornerstone of tissue inflammation and
increased lung collagen deposition in viral-induced pneu-
monia of aged individuals and is thought to be responsible
for chronic lung pathology and fibrotic outcomes of viral
pneumonia [20]. Pulmonary fibrosis is seen with SARS
infection as early as 2 to 3 weeks [21] and persists 9 months
after hospitalization in 21% of patients [22]. In relation to
COVID-19, TGF-f signaling pathways were identified as an
integrative pathway in the disease by miRNA analyses [23,
24]. Hence, a comprehensive treatment plan for COVID-
19-induced tissue damage necessitates addressing the under-
lying factors of viral-induced fibrosis and biological media-
tors, including TGF-.

The protective role of the ACE2 receptor in lung fibro-
sis is impaired by SARS-CoV-2 downregulation of ACE2.
The protective role of ACE2 is evident in bleomycin mod-
els of fibrosis in which recombinant human ACE2 dimin-
ishes lung collagen amassment, while ACE2-specific small
interfering RNA (siRNA) treatment increases lung collagen
accrual in mouse bleomycin models [25-27]. Additionally,
lung biopsies of idiopathic pulmonary fibrosis (IPF) dis-
play a 92% reduction of ACE2 mRNA and a 74% ACE2
enzymatic activity [28]. The protective role of ACE2 occurs
through negative regulation of ANG-II. This is significant,
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as ANG-II is suspected to engage in an autocrine feedback
loop to stimulate TGF-p production [29] while a decrease
in ANG-II activity is accompanied by a decrease in TGF-
levels [30, 31]. This bolsters the case for SARS-CoV-2 direct
growth factor-induced fibrosis, rather than the simply indi-
rect tissue damage from the hyperinflammatory insult of
COVID-19.

Moreover, Pang et al. identified elevated serum levels
of TGF-p1 during the early phase of SARS infection [32].
SARS-CoV infection introduces high levels of TGF- as
observed in alveolar epithelial cells, bronchial epithe-
lial cells, monocytes, and macrophages [33, 34] (Fig. 1).
The SARS-CoV N protein can associate with the TGF-p-
associated SMAD3 transcription factor to interfere with
SMAD3/4 complex and can enhance the interaction between
SMAD3 with downstream target genes [35]. Additionally,
overexpressing the N protein in lung epithelial cells and
fibroblasts enhances the TGF-p-induced expression of PAI-1
and collagen I independently of SMAD4 [35]. Interestingly,
the SARS-CoV N protein shares little homology with analo-
gous structures of other known coronaviruses [36] but shares
90.52% homology with SARS-CoV-2 [37]. More work is
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Fig.1 CXCL10 and TGF-p are upregulated by SARS-CoV-2 and
ARDS in multiple cell types in the lung. SARS-CoV-2 infection
upregulates TGF-p in alveolar macrophages and alveolar epithe-
lial cells [33, 34, 121]. SARS-CoV-2 negates the protective role of
ACE2 which occurs through negative regulation of ANG-II. ANG-II
engages in an autocrine feedback loop to stimulate TGF-p produc-
tion [30, 31]. Pulmonary endothelial cells recruit neutrophils which
increases neutrophil oxidative burst and chemotaxis in a CXCL10-
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needed to determine if the SARS-CoV-2 N protein simi-
larly enhances the pro-fibrotic activity of lung fibroblasts
independently of TGF-f but presents a promising avenue of
investigation for direct intervention in SARS-CoV-2-induced
fibrosis.

CXC Chemokines in Betacoronavirus Infections

C-X-C chemokines are named for the four highly conserved
cysteine residues on the NH, terminus, with the first two
cysteine residues being separated by a variable, “X,” amino
acid residue [38, 39]. The function of CXC chemokines
in angiogenesis can be largely accredited to the presence
or absence of an “ELR” (Glu-Leu-Arg) motif adjacent
to the first cysteine residue [40]. ELR+ CXC chemokine
ligands, such as CXCL1, CXCL2, CXCL3, CXCL5, CXCLS6,
CXCL7, and CXCLS, promote angiogenesis. All ELR+
chemokines signal only through CXCR2, except for CXCL6
and CXCLS, which signal through both CXCR1 and CXCR2
[41].

The ELR— chemokine family consists mainly of
IFN-y-inducible chemokines: CXCL9, CXCL10, and
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CXCR3 autocrine loop mechanism in viral and non-viral induced
lung injury [87e]. SARS-CoV-2-infected macrophages significantly
increase the transcription of CXCL10 [121]. CXCLI10 increases
IFN-y production [88®] which, in turn, increases CXCL10 in mac-
rophages [90]. The SARS-CoV unique domain (SUD) significantly
upregulates the expression of CXCL10 in human lung epithelial cells
(86°]

@ Springer



96

Current Pathobiology Reports (2021) 9:93-105

CXCLI11. ELR- chemokines activate the CXCR3 recep-
tor through autocrine and paracrine signaling [42]. These
CXC chemokines share approximately 40% homogeny
in sequence but possess different binding affinities with
CXCR3 [43] and are expressed in distinct temporal and
spatial patterns. Generally, CXCL9 has the lowest affinity
for CXCR3, while CXCL11 has the highest [43]. CXCL10
can out-compete CXCLA4, but not CCL2, CCLS5, CXCLS, or
MIP-1a for endothelial cell surface binding [44].

Chemokines and cytokines influence viral disease
progression by modulating viral infection, orchestrating
immune cell chemoattraction [45], and polarizing the growth
and reduction of the microvasculature and the repair of viral-
induced tissue injury. Precedence of this has been set by
analysis of the previous coronavirus infections. Experts have
examined the severe acute respiratory syndrome (SARS)
associated coronavirus (SARS-CoV) for insight on SARS-
CoV-2. Hunag et al. concluded that IFN-y, IL-18, TGF-p,
IL-6, CXCL19, CCL2, CXCL9, and IL-8, but not TNF-a,
IL-2, IL-4, IL-10, IL-13, or TNFRI, are highly elevated in
the acute phase of SARS infection [46]. Another group found
CXCL9, CXL10, and IL-8 to have been highly correlated
with adverse outcomes in SARS patients [47]. CXCL10 and
CCL2 are upregulated in both severe and non-severe SARS
patients compared to healthy controls. The upregulation of
CXCLI10 during the late phase of illness can significantly
distinguish severe from non-severe SARS patients in late
stages [48]. Additionally, markedly high CXCL10 levels are
sustained in lung and lymphoid tissue for the duration of
SARS illness [49].

Chemokine signaling pathways (hsa04062) were found to
be among the most significantly involved pathways in SARS
infection by KEGG analysis [50]. Protein-protein interaction
(PPI) networks of SARS infected cells revealed CXCL10
to be one of the top eight genes with the most interactions
of the 180 genes determined to be differentially expressed
in PBMCs between SARS patients and healthy controls by
microarray. CXCL10 has been identified as a promising ther-
apeutic target for SARS [51] and was found to be among the
top 10 signal transducers most closely linked to heart failure
in coronavirus infections through differential gene screening
analysis [52].

On the other hand, middle east respiratory syndrome
(MERS) infections seem to have very different methods of
transcription regulation than that of the related coronavi-
rus, SARS-CoV-2. Microarray analysis and comparison of
genes differentially regulated by MERS-CoV and SARS-
CoV-2 (127 and 50, respectively), found only eight genes,
including CXCL5, CXCL6, and CXCLS, to be modulated
by the two coronaviruses in the same manner, either up- or
downregulated [53]. Hence, alongside insight from previous
coronavirus outbreaks, the roles of chemokines have proven
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critical in understanding COVID-19 pathogenesis but war-
rant further investigation.

Chemokines in the Diagnosis and Prognosis
of COVID-19

Evidence suggests that chemokines may have diagnostic and
prognostic significance in COVID-19. CXCLS5, CXCL9, and
CXCL10 are highly upregulated in the plasma of COVID-19
patients and have been suggested as potential biomarkers
for disease and development of the “cytokine storm” [54].
Investigators have found a significant increase in the expres-
sion of genes encoding CXCL1, CXCL3, CXCL6, CXCL18,
and CXCL17 in patients with moderate COVID-19 com-
pared to healthy controls. Another group found CXCLS,
CXCL10, and CXCL13 to be upregulated in COVID-19
patients and were the only three CXC chemokines differen-
tially regulated against healthy controls [10]. On the other
hand, severe COVID-19 patients displayed higher plasma
levels of CXLC9, CXCL10, and CXCL11 than moderate
COVID-19 patients [55]. Another study found bronchoal-
veolar cells of severely ill COVID-19 patients to express
increased hypoxia-induced factor 1-alpha (HIF1a) and the
downstream targets CXCL8, CXCR1, CXCR2, and CXCR4
by scRNASeq [56].

There is also data to suggest that CXC chemokine levels
may be variable in the disease progression of young ver-
sus old patients. Interestingly, high CXCL9 plasma levels
were found in COVID-19 infected adults, but not children
[57]. However, another study found that CXCL9, CXCL10,
CXCL11, and CXCR3 displayed reduced expression in older
adults by shotgun RNA-sequencing profiles of nasopharyn-
geal swabs [58]. Angioni et al. determined CXCLS, IL-10,
IL-15, IL-27, and TNF-o immune profiles to correlate with
older age, longer hospitalization, and disease severity [59].
However, another study found that high IL-6, CXCL-8, and
TNF-a levels were associated with adverse outcomes of
COVID-19 independently of demographics and comorbidi-
ties [60] and mirrored those of critically ill ARDS and sepsis
patients [61]. It is important to note that disease time course
plays a role in the fluctuation of chemokine and cytokine
levels along disease progression. For instance, IFN-A3, IL-6,
CXCL10, and CXCLO9 levels are observed to rapidly increase
before decreasing after the onset of severe pneumonia [62].
Additionally, although VEGF and CXCL10 levels appear to
decrease throughout hospitalization gradually, levels remain
significantly high in the severe and critical patients for the
duration of hospitalization [63]. More work is needed to
establish demographic differences in cytokines profiles over
the course of disease to harness the full power of chemokines
as distinguishable biomarkers for actionable targeting.
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Chemokines in COVID-19 Disease Pathogenesis

Aydemir et al. utilized computational modeling to predict
COVID-19 miRNA targets and constructed an integrative
pathway network analysis of the 40 identified SARS-CoV-2
miRNAs and their genetic targets [24]. Further, KEGG anal-
ysis revealed angiogenesis and inflammation mediated by
chemokine and cytokine signaling to be among the top eight
differentially regulated pathways of SARS-CoV-2 infection.
Additionally, investigators found CXCL1, CXCL9, CXCL10,
CXCL11, and CXCL16 to be main targets of SARS-CoV-2
miRNA regulation of gene targets associated with cytotoxins
and gene regulation [24]. Additionally, RNASeq analysis
and KEGG enrichment of differentially expressed genes in
the PBMC COVID-19 patients vs. healthy controls found
“cytokine-cytokine receptor interaction” and “viral protein
interaction with cytokine and cytokine receptor” related
pathways to be two of the most differentially regulated [64].
Interestingly, this study found the expression of CXCL10
and CXCLS to be significantly downregulated and upregu-
lated in COVID-19 PMBCs, respectively.

CXC chemokines play a large role in the dynamic micro-
environment and cellular composition of COVID-19 infec-
tions. Specifically, SARS-CoV-2-infected lungs overexpress
neutrophil chemoattractants CXCL1, CXCL2, CXCL3,
CXCL5, CXCLS, and CCL20 [45]. Neutrophils, which are
involved in early-stage anti-viral defense, are known to cause
cytotoxic lung inflammation after lysis and high neutrophil-
to-lymphocyte ratios are associated with poor outcomes of
patients with COVID-19 [65, 66]. COVID patients addition-
ally displayed higher activation status of resident and non-
resident macrophages. Non-resident macrophages showed
an upregulation of CCL2, CCL3, CCL20, CXCL1, CXCL3,
IL1p, IL8, IL18, and TNF while resident macrophages were
characterized by CCL2, CCL3, and CXCL10 expression
[67]. CD69MEM and CXCR3"Y mucosa-associated invariant
T (MAIT) cell counts are associated with poor outcomes by
unsupervised analyses [68]. Better outcomes were identified
in patients with significantly higher frequency macrophages
of the CD3+ CD4+ CD45RO+ CXCR3+ subsets, higher
counts of CD14+ CD11C+ HLA-DR+ subset dendritic
cells, and a lower neutrophil count [69]. One study found
CXCL10 to be the core gene in a PPI network mapping the
29 immune-related differentially regulated genes in COVID-
19 patients and could be correlated with the CD4+, CD8+,
monocyte, and DC-related immune signatures [70, 71].

The cytokine storm is the leading cause of death in
patients infected with COVID-19. The cytokine storm
involves hyper-activated T lymphocytes and the release of
pro-inflammatory cytokines that enhance vascular perme-
ability and plasma leakage, resulting in injury to pulmo-
nary tissue, ARDS, and multi-organ failure. These pro-
inflammatory mediators include IFN-y, IL-1RA, IL-6,

IL-10, IL-19, CCL2, CCL7, CXCL2, CXCL9, CXCLI10,
CXCL5, ENRAGE, and poly (ADP-ribose) polymerase 1
[54]. Increased levels of IL-1p, IFN-y, CXCL10, and CCL2
suggest that T-helper-1 (Th1) cell function is consistent with
that of MERS and SARS infections.

CXCL10in COVID-19

Particular interest has been paid to the role of IFN-y-
inducible cytokines in COVID-19 disease progression.
Investigators found a marked upregulation of basal cells
in nasopharyngeal and bronchial samples of COVID-19
patients, which contributed in part to immature secretory cell
differentiation into ciliated cells by IFN-stimulated genes,
particularly ISG15, IFIT1, and CXCL10 [67]. Interestingly,
although COVID-19 monocytes displayed reduced oxida-
tive burst, TNF and IFN-y production remained unchanged
in vitro [72]. Zhang et al. found a positive relation between
CXCR3* T follicular helper cells and neutralizing antibody
titers in COVID-19-convalescent individuals [73]. CXCL9,
CXCL10, CXCL11, and CXCR3 levels are also significantly
increased in nasopharyngeal samples of COVID-19 patients
[58].

Although IFN-y-inducible chemokine signaling plays a
critical role in pulmonary inflammation at large, CXCL10 is
the most studied and has emerged as a possible contributor
to the characteristically severe ARDS found with COVID-
19. In regard to global transcriptome changes, one study
found that several cytokine and immune-related genes such
as CXCL10 were upregulated but did not find this with
CXCL9 or CXCL11 [74]. On the other hand, another study
found that within severe cases of COVID-19, there was
strong dysregulation of CXCL9, CXCL10, and CXCL11 but
the significant increase in CXCL10 was 10-fold higher than
that of CXCL9 or CXCL11 [54]. CXCL10 was identified as
one of four primary cytokines responsible for the cytokine
storm and disease severity from SARS-CoV-2 and similar
coronaviruses by a comprehensive literature review ranging
from December 1, 2000, to April 4, 2020 [75], which has
been corroborated by Zhang et al [70].

CXCLI10 is secreted by several cell types, including
endothelial cells, fibroblasts, monocytes/macrophages, and
T lymphocytes, often upon INF-y stimulation, and promotes
chemoattraction for activated T lymphocytes, natural killer
cells, and monocytes through CXCR3. CXCL10 has proven
to be exceptionally reliable for the diagnosis and prognosis
of COVID-19. Increased levels of CXCL10 are associated
with a greater SARS-CoV-2 viral load in plasma, saliva,
and nasopharyngeal samples [63, 76—78]. Nasopharyngeal
CXCL10 levels are a sensitive predictor of COVID-19, able
to identify undiagnosed cases of COVID-19, and can be used
reliably as a rule-out test of the disease [79]. Single-cell
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analyses of nasopharyngeal and bronchial samples have
revealed a major role for CXCL10 in disease severity and
outcome [64, 67, 80]. Blot et al. determined CXCL10 to
be associated with the number of days COVID-19 patients
required mechanical ventilation [81]. CXCL10 has also been
found to be highly upregulated in the plasma of ICU versus
non-ICU COVID-19 patients [82] and correlated with mor-
tality by day 28 in ICU COVID-19 patients [78]. Plasma
levels of CXCL10 reliably distinguished disease severity and
progression in a study of 50 COVID-19 patients, and these
results were enhanced when combined with CCL7 [83].
Recent studies suggest that CXCL10 may be a distin-
guishing factor between COVID-19-associated pulmonary
pathologies and others similar. Bronchoalveolar lavage fluid
and plasma from one control, seven non-COVID-19 ARDS,
and fourteen COVID-19 ARDS patients found CXCL10
highly upregulated in both plasma and epithelial lining
fluid in the COVID-19 ARDS group compared with the
non-COVID-19 ARDS group [81]. Similarly, CXCL10 lev-
els were distinguishable between COVID-19-related lower
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Fig.2 CXCLI10 enhances inflammatory infiltrate, pro-inflammatory
cytokine production, and pulmonary edema in SARS-CoV-2 lung
infection. SARS-CoV-2 infection triggers pulmonary endothelial
cell recruitment of neutrophils which produce reactive oxygen spe-
cies (ROS) [14]. Viral infection of type II epithelial cells induces
alveolar macrophage activation results in the secretion of proin-
flammatory cytokines which induce the recruitment of highly toxic
neutrophils and activated platelets into the alveolar space [2]. The
SARS-CoV unique domain (SUD) modulates CXCL10-mediated pul-
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respiratory tract infections (LRTIs) and non-COVID-19
LRTIs and correlated with COVID-19 disease severity [84].
ACE2 and CXCL10 are also suspected to be biomarkers of
fatality in COVID-19 patients with lung cancer [85].
CXCL10 is implicated in multiple major processes asso-
ciated with pulmonary inflammation (Fig. 2). The SARS-
CoV unique domain (SUD) significantly upregulates the
expression of CXCL10 in human lung epithelial cells [86e],
modulates CXCL10-mediated pulmonary inflammation
in a NLRP3 inflammasome-dependent manner [86¢], and
attracts and activates neutrophils in LPS, HIN1, and SARS-
induced ARDS [87e, 88e, 89]. Evidence suggests that IFN-y
stimulation of CXCL10+ CCL2+ macrophages may drive
severe COVID-19 [90]. CXCL10 and CCL2 are also higher
in patients with the highest D-dimer levels [91], a pathology
highly associated with mortality in COVID-19. Aside from
the direct insult of early hyperinflammatory insults on lung
tissue, this poses an equally threatening likelihood of long-
term pulmonary fibrosis, as lung inflammation accumula-
tion will increase a patient’s need for mechanical ventilation.
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monary inflammation in a NLRP3 inflammasome-dependent manner
[86®] and attracts and activates neutrophils 87, 8§8e, 89. CXCL10-
CXCR3 is critical for the influx of CXCR3+ pulmonary neutrophils
and increase neutrophil oxidative burst in autocrine loop mechanism
[87¢]. CXCL10 enhances pulmonary edema [88e], the cytokine
storm [54, 70], the release of inflammatory mediators, such as IFN-
v, and the infiltration of inflammatory cells, such as neutrophils and
macrophages [88®]. CXCL10 also increases neutrophil and mac-
rophage CXCR3 expression [88e].
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Mechanical ventilation, although often lifesaving, greatly
increases the potential for ventilator-induced lung injury
(VILI). Desai et al. found a significant correlation in the
duration of pressure-controlled mechanical ventilation and
pulmonary fibrosis in ARDS patients at 110-267 days after
extubation, with 85% displaying pulmonary fibrosis [92].
Hence, early intervention in this hyperinflammatory state
is even more critical for mitigating the long-term fibrotic
complications of COVID-19.

CXCL10 has emerged as a critical contributor to COVID-
19 disease pathologies across organs [81]. CXCL10-CXCR3
is hypothesized to play a major role in the neurological
symptoms of COVID-19, including the loss of taste and
smell [93]. CXCL10 activity is also likely to play a role in
other COVID-19-induced tissue injury and fibrosis in other
organs, including the liver and heart. COVID-19 autopsies
have revealed endotheliitis, vasculitis, dilated cardiomyo-
pathy, hypertrophic cardiomyopathy, multifocal fibrosis,
and myocardial interstitial fibrosis [94-96]. CXCL10 has
been identified as a promising therapeutic target for SARS
and was found to be among the top 10 signal transducers
most closely linked to heart failure in coronavirus infections
through differential gene screening analysis [97]. CXCL10
is upregulated in the infarcted myocardium [98] and inhib-
its basic fibroblast growth factor (bFGF)-induced fibroblast
migration in the infarcted heart [99]. Although more work
is needed to understand the role of CXCL10 in SARS-CoV-
2-induced myocardial injury, fibroblast-CXCLO targeting
presents a promising line of investigation.

Conversely, CXCL10 exasperates fibrosis in the liver.
Therefore, the observed SARS-CoV-2 downregulation of
CXCL10 in the liver may contribute to the portal fibrosis
seen in 60% of autopsies from severe COVID-19 patients
[100]. McCord et al. found that Nrf2 activation downregu-
lates ACE2 and TMPRSS2, the receptor and activator, of the
SARS-CoV-2 spike protein while also downregulating IFN-
y-induced genes, including CXCL9, CXCL10, and CXCL11
in human liver-derived HepG2 cells [101]. Taken together,
both agonism and antagonism of the CXCL10 signaling sys-
tem should be taken into account to properly address the
multi-faceted role of this chemokine in COVID-19-induced
organ fibrosis.

CXCL10-CXCR3-Targeted Therapeutics
in COVID-19

Current therapeutic targets for COVID-19 can be separated
into several large categories, including RNA synthesis and
replication interference proteins, SARS-CoV-2-specific
structural proteins, virulence factors [102], and SARS-
CoV2-human interacting proteins identified by PPI [103].
Other avenues include ACE?2 receptor inhibitors [104],

or modulation of immune mediators, such as TLRS5 [105]
or high mobility group box 1 (HMGB1) [106]. Rigorous
research and human clinical trials are needed to adequately
test both the efficacy and safety of new and repurposed
therapeutics. These are needed for patients to overcome the
infection with minimal organ damage and to mitigate long-
term consequences. Data shows that 52% of those recov-
ered from SARS had long-term lung abnormalities 2 years
post-infection and 4% displayed persistent diffusing capac-
ity impairment and reduced exercise capacity at 15 years
post-infection [107]. Unfortunately, those with long-term
complications from COVID-19 may be even greater and are
expected to have broader effects on function in the lungs,
heart, liver, GI tract, and brain [108]. The CXCL10-CXCR3
signaling axis presents as a promising therapeutic target. It
is an underlying cause of abnormalities in the lungs, heart,
liver, and brain and contributes to the instigation and ravag-
ing aftermath of the cytokine storm.

Current strategies for targeting the CXCL10-CXCR3
signaling system include both transcriptional regulation and
direct inhibition. PPAR agonists may be suitable for tran-
scriptional regulation of these inflammatory cytokines. The
PPARY agonist, Rosiglitazone, lowered CXCL9, CXCL10,
and CXCLI11 released by orbital fibroblasts, preadipocytes
in a dose-dependent manner [109], and has been suggested
as a possible therapeutic for COVID-19 [110]. Additionally,
the PPARa agonist, fenofibrate, decreased the expression of
IL-17 and IFN-y and reduced CXCL10 promoter activity in
TNF-a-stimulated HT-29 colon epithelial cells and, hence, it
has been postulated to repurpose Fenofibrate as a treatment
for COVID-19 [111, 112]. Sitagliptin, a dipeptidyl pepti-
dase-4 (DDP4, human CD26) inhibitor, is currently under
investigation for the treatment of COVID-19. The S1 domain
of the SARS-CoV-2 spike protein targets DDP4 [113] and
is an inhibitor of CXCL10 secretion [114]. Sitagliptin was
shown to improve clinical outcomes and reduce mortal-
ity in COVID-19 patients with type 2 diabetes [115, 116],
although the legitimacy of these findings has been chal-
lenged by others [117]. Moreover, others have postulated
that the benefits of COVID-19 patients treated with corticos-
teroids, which inhibit the Th1 pathway and reduce CXCL10
secretion [118], may be attributed to the accompanying
decrease of CXCL10 levels, as found with SARS patients
[119]. More work is needed to prove the therapeutic benefit
of these repurposed drugs and evidence of a direct effect on
SARS-CoV-2-induced CXCL10 upregulation would bolster
enthusiasm.

Ichikawa et al. has shown that eliminating CXCL10
and/or CXCR3 activity in mice diminishes lung injury and
improves survival rates in both viral and non-viral lung
injury [87e]. Researchers found CXCR3+ neutrophil accu-
mulation to be upregulated by viral lung injury-induced
Toll-like receptor 4 (TLR4)-TRIF pathway stimulation [87e]
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and propose CXCL10-CXCR3 autocrine signaling to be
responsible for the increased oxidative burst and chemotaxis
of inflamed neutrophils in the lung by a feedforward auto-
crine loop mechanism [87¢]. To complement these findings,
others have shown that CXCL10 neutralization significantly
reduces pulmonary edema, the release of inflammatory
mediators (IFN-y, IL-6, and ICAM-1), and inflammatory
cells (neutrophils, macrophages, CD8+ T cells) infiltration
into the lung in an LPS-induced ARDS rat model [88e].
CXCLI10 neutralization also accompanied reduced neutro-
phil and macrophage CXCR3 expression [88¢] and CXCR3
antagonism significantly reduced CXCL10-CXCR3-medi-
ated T lymphocyte migration in vitro [120]. These prom-
ising findings increase support for direct targeting of the
CXCL10-CXCR3 signaling axis to treat COVID-19.

Pro-Fibrotic and Pro-Inflammatory Pathway
Convergence in COVID-19

CXCL10-CXCR3-specific targeting may lead to a more
direct impact on the multi-organ inflammatory and fibrotic
manifestations in COVID-19, due to the opportune dual-
mechanistic anti-inflammatory and anti-fibrotic arms of this
pathway. As previously discussed, CXCL10 has been identi-
fied as a critical contributor to the presence and severity of
the SARS-CoV-2-induced cytokine storm, which itself is a
contributor to the multi-organ fibrosis found in COVID-19
“long-haulers.” Interestingly, SARS-CoV-2-infected mac-
rophages significantly increase the transcription of both
CXCL10 and TGFB1 genes [121], and CXCL10 secretion by
activated macrophages has been associated with increased
disease severity [67]. Moreover, CXCL10-CXCR3 signaling
has been found to interface with pro-fibrotic TGF-f path-
ways to modulate both fibrosis and inflammation [122, 123].
From these and similar findings of CXCL10/TGF-f sign-
aling pathway convergence [124-126], CXCL10-targeted

SARS-CoV-2 Lung Infection

!

NTGF-B MNCXCL10
v
NSevere
COVID-19
COV.ID-19 1N Pulmonary M Cytokine T Pulmonary y
Patients Edema Storm Inflammation A Mechanical
1 l l Ventilation
v
Tissue Injury
¥
Ta-SMA TECM M Angiogenesis
COvVID-19 TMACTA2 Production TEMT Sio8
“Long Haulers”
JCXCL10 M CXCL10
Fibrosis Healing

Fig.3 A diagram displaying the adherent pathologies and outcomes
associated with SARS-CoV-2-induced TGF-f and CXCL10 upregu-
lation in the lung which culminate in tissue injury in COVID-19
patients and subsequently manifests fibrosis in COVID-19 long-
haulers which can uniquely be targeted by CXCL10-centric thera-
peutics. COVID-19-related tissue injury is thought to be twofold and
results from both direct upregulation of the pro-fibrotic growth factor,
TGF-B, but also from tissue damage initiated by a highly inflamma-
tory state. CXCL10 and TGF-f both enhance pulmonary edema [19,
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88e]. CXCL10 plays a critical role by upregulation of the cytokine
storm [54, 70] and increasing pulmonary inflammation [86®]. Fur-
thermore, CXCL10 is associated with COVID-19 disease severity
which increases the likely need for mechanical ventilation, which
leads to pulmonary fibrosis [92]. However, in COVID-19 long-haul-
ers, amplifying the CXCL10-CXCR3 signaling system may in fact
benefit patients by inhibiting many pro-fibrotic pathologies expected
clinically [130, 131], such as through the upregulation of a-SMA,
ACTA2, ECM protein, EMT, and angiogenesis [127, 128]
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therapeutics present a potential avenue for tempering the
cytokine storm and activity of pro-fibrotic mediators, such
as TGF-p.

CXCL10-derived agonistic and antagonistic biomimetic
peptides are currently being tested to dually target multiple
mechanisms of CXCL10 in hyperinflammatory and fibrotic
disease states across organ systems. Among the broad spec-
trum of cellular effects, our data demonstrate that these
CXCL10-derived peptides can reduce a-smooth muscle actin
(a-SMA) expression and mRNA and protein secretion levels
of major matrix molecules including collagen I, laminin,
fibronectin, and tenascin-C in dermal and cardiac fibroblasts
after induction by pro-fibrotic TGF-f [127]. Furthermore,
these CXCL10-derived peptides inhibit TGF-p1-mediated
epithelial-mesenchymal transition (EMT) in keratinocytes
and dermal fibroblast co-cultures, a known feature of fibro-
sis. One CXCL10-derived antagonistic peptide, named IP-
10p, has revealed powerful angiostatic biomimetic capabili-
ties by preventing VEGF-initiated endothelial cell motility
on one front, and on the other, inhibiting vessel formation
and promoting the regression of naive vessels [128]. IP-10p
reduced endothelial cell migration, dissociation, and tube
formation to the same degree, or to greater degree, than that
of the mature chemokine in vitro and in vivo [128]. These
CXCL10-derived peptides present an opportunistic avenue
for early intervention in SARS-CoV-2 tissue fibrosis by miti-
gating the hyperinflammatory state and addressing fibrotic
complications of COVID-19 “long-haulers.”

In conclusion, chronic inflammation is often regarded as
a primary contributor in lung fibrosis, and evidence from
emerging SARS-CoV and SARS-CoV-2 studies suggests the
direct upregulation of the TGF-f and CXCL10 signaling
systems exasperate fibrotic pathologies in COVID-19, which
warrant direct intervention [129] (Fig. 3). Further investi-
gation is needed to determine the efficacy of CXCL10 as
a primary therapy, or as adjunct treatment (antagonists) to
antibody therapy in high-risk patients and patient survivors
to inhibit coronavirus infection, disease progression, and/or
the life-threatening fibrotic sequelae.
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