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SARS-CoV-2 (Severe Acute Respiratory Syndrome coronavirus-2) is the third coronavirus
to emerge as a cause of severe and frequently fatal pneumonia epidemics in humans,
joining SARS-CoV and MERS-CoV (Middle East Respiratory Syndrome-coronavirus). As
with many infectious diseases, the immune response to coronavirus infection may act as a
double-edged sword: necessary for promoting antiviral host defense, but, if not
appropriately regulated, also able to incite life-threatening immunopathology. Key
immunoregulatory mediators include the chemokines, a large family of leukocyte
chemoattractants that coordinate leukocyte infiltration, positioning and activation in
infected tissue by acting at specific G protein-coupled receptors. Here, we compare
the involvement of chemokines and chemokine receptors during infection with the three
epidemic coronaviruses and discuss their potential value as biomarkers and targets for
therapeutic development.
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INTRODUCTION

The emergence and re-emergence of infectious agents in populations lacking pre-existing immunity
is a bane of the human condition that has only worsened since the industrial revolution, primarily
due to population growth, urban concentration, wild habitat encroachment and advances in
transportation. Since the late 1960s when the antibiotic and vaccine revolutions prompted the
US Surgeon General William H. Stewart to prematurely declare the end of infectious diseases
(Spellberg, 2008), at least 87 microorganisms have emerged as serious human pathogens, causing
either small outbreaks, epidemics or pandemics with highly diverse mortality rates (Woolhouse and
Gaunt, 2007). Three of the pathogens that emerged during this period were coronaviruses, a
previously unimportant class of organisms in the history of infectious diseases of man. SARS-CoV
was the first coronavirus to cause an epidemic of fatal respiratory infection in humans, SARS, which
lasted from 2002 to 2004. This was followed in 2012 by MERS-CoV, the cause of the MERS

Abbreviations:: ACE2, Angiotensin-converting enzyme-2; ARDS, Acute respiratory distress syndrome; BALF, Bron-
choalveolar lavage fluid; BTK, Bruton’s tyrosine kinase; CAP, Community-acquired pneumonia; CoV, Coronavirus; DAD,
Diffuse alveolar damage; DCs, Dendritic cells; DPP4, Dipeptidyl peptidase 4; E, Envelope; GPCRs, G protein-coupled receptors;
hACE2, Human angiotensin-converting enzyme-2; hDPP4, Human dipeptidyl peptidase 4; ICU, Intensive care unit; IFN,
Interferon; IFNAR, IFNap receptor; IMDDCs, Immature monocyte-derived dendritic cells; ISGs, Interferon stimulated genes;
KC, Neutrophil-related chemokine KC; KO, Knockout; M, Membrane; MA, Mouse-adapted; MDM, Monocyte-derived
macrophages; MERS-CoV, Middle East respiratory syndrome coronavirus; MIS-C, Multifocal inflammatory syndrome in
children; N, Nucleocapsid; NSP, Nonstructural protein; S, Spike; SARS-CoV, Severe acute respiratory syndrome coronavirus;
Tg, Transgenic; TLR, Toll-like receptor; TRMPRSS2, Transmembrane protease serine type 2; UV-V, UV-inactivated SARS-
CoV; WIV, Wuhan institute of virology; WT, Wild type.
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pandemic, and in 2019 by SARS-CoV-2, the cause of the ongoing
COVID-19 pandemic. Before 2002, four other coronaviruses
(229E, HKU1, NL43 and OC43) had been described as human
pathogens; however, all four cause only mild respiratory illness,
predominantly the common cold.

All coronaviruses are spherical in shape and ~0.1 microns in
diameter. An outer lipid envelope encloses an ~30kb
nonsegmented, single-stranded, positive-sense RNA genome
that encodes 4 structural and 16 nonstructural proteins (nsps).
The structural proteins include Spike (S), Membrane (M),
Envelope (E) and Nucleocapsid (N). Spike projects from the
lipid envelope and studs the entire surface of the virus, giving it
the appearance of the corona of the sun, thus the name
‘coronavirus’. Coronaviruses are classified into 4 genera:
alphacoronavirus, betacoronavirus, gammacoronavirus, and
deltacoronavirus.

SARS-CoV, MERS-CoV  and SARS-CoV-2 are all
betacoronaviruses (Coronaviridae Study Group of the International
Committee on Taxonomy of Viruses, 2020). All three appear to have
jumped from bat reservoirs to humans, either directly or indirectly
through an intermediate mammalian host. Bats make up ~25% of all
mammalian species and are a major reservoir of zoonotic pathogens.
Many other coronaviruses have been described that naturally infect
other mammals, including cats, dogs, civets, pigs, mice, ferrets, mink,
camels, horses, pangolins, non-human primates and whales. Factors
favoring emergence include the low fidelity of the viral RNA-
dependent-RNA  polymerase, a high frequency of RNA
recombination, increasing human-animal reservoir interactions,
broad host species tropism and the high prevalence of
coronaviruses (Cui et al, 2019). Thus, opportunities for spillover
expand as human populations encroach on bat habitat, which may be
advantaged by an opportunistic coronavirus as it rapidly adapts to the
new intermediate or accidental human host through serial passage,
thanks to a faulty polymerase. Although all three epidemic
coronaviruses are highly pathogenic, there is a striking rank order
for mortality, MERS>SARS>>SARS-CoV-2, which is the inverse of
the rank orders for both transmissibility and global disease burden,
SARS-CoV-2>>>SARS>MERS (Petersen et al., 2020a).

The epidemic coronaviruses typically infect by an intranasal,
oral or conjunctival route, and produce diverse outcomes ranging
from asymptomatic infection to severe pneumonia, acute
respiratory distress syndrome (ARDS), multiorgan failure and
death. Virus-triggered inflammation is necessary for viral
clearance and for initiation of an adaptive immune response.
However, an unchecked and dysregulated immune response,
characterized by high levels of inflammatory cytokines known
as a ‘cytokine storm’, may produce more severe outcomes
(Matthay et al, 2019). Cytokine storm is a general and
scientifically imprecise term that may vary in molecular
pathogenesis depending on the trigger. For example, the
molecular mechanisms in bacterial sepsis may include
different elements from those driving severe COVID-19, even
though the anatomic pathologic features and clinical
consequences may have extensively overlapping features.
ARDS results from inexorable flooding of the alveolar lumen
with proteinaceous edema fluid containing abundant fibrin and
inflammatory cells, which reduce alveolar gas exchange.

Chemokines and Epidemic Coronavirus Infections

The FDA has authorized the use of two mRNA-based vaccines
developed by Moderna and Pfizer for prevention of COVID-19.
The viral polymerase blocker remdesivir for COVID-19, which
was reported to reduce the time to discharge for hospitalized
patients by four days but without a clear effect on mortality
(Beigel et al., 2020) has also been approved by the FDA for
treatment of coronavirus infection. Subsequently, the monoclonal
antibodies, Bamlanivimab, Casirivimab and Imdevimab which
target the receptor binding domain of the spike protein of SARS-
CoV-2, as well as Baricitinib, a Janus kinase inhibitor in
combination with Remdesivir, have also been approved by the
FDA for treatment of COVID-19 at various stages of the disease.
Many other agents are currently under evaluation in
observational and controlled clinical trials worldwide,
including both direct antiviral agents and immune modulators.
Immunological targets for development have not been validated
yet; however, the list of candidates is long, motivated by data from
preclinical and clinical studies of immune system function and
specific antiviral response pathways. Among the many potential
targets, chemokines have attracted substantial interest, owing in
part to the high levels that have been measured in patients
presenting with severe disease.

Chemokines are a large family (n~45 in human) of small
secreted cytokines that coordinate leukocyte trafficking and
activation, thereby regulating diverse physiological processes,
including development, inflammation, immune responses and
wound healing. Based on the number and spacing of conserved
cysteine residues near the N-termini, chemokines are classified
into four subfamilies: CXC, CC, CX3C and C (Griffith et al.,
2014). Chemokines act at G protein-coupled receptors (GPCRs),
a rich target for drug development in general, and one which has
been interrogated broadly by the pharmaceutical industry in the
case of chemokine receptors, with many blocking agents now in
clinical trials for diverse disease indications. Like all GPCRs, the
18 known human chemokine GPCRs have seven transmembrane
domains and signal via heterotrimeric G proteins, Table 1
(Griffith et al, 2014). Four atypical chemokine receptors that
do not signal through G proteins have also been described.
Chemokines can be divided loosely into two main functional
groups depending on whether they support mainly homeostatic
or inflammatory immune processes. During acute viral
pneumonia, many inflammatory chemokines are upregulated
by infected and activated cells to facilitate effector leukocyte
recruitment to sites of infection, promoting inflammation,
immune cell activation, clearance of the viral pathogen and, in
severe cases, immunopathology (Glass et al., 2003). Local and
systemic induction of chemokines during many types of acute
viral pneumonia has been directly correlated with disease severity
in humans, and in some examples specific chemokines and
chemokine receptors have been demonstrated to play
important roles in disease pathogenesis (Glass et al, 2003;
Castelli et al., 2020; Coperchini et al., 2020).

A comprehensive understanding of the host response during
any infection may inform efforts to develop targeted anti-
inflammatory treatments that might complement direct
antimicrobial agents in severe cases. Given the staggering
global disease and socioeconomic burden of epidemic
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Chemokines and Epidemic Coronavirus Infections

Table 1| General functions of chemokines and chemokine receptors that are differentially regulated in lung during acute coronavirus infections in humans and animal models.

Subfamily Systematic Alternative name/s Receptor/s Functions
name
CcC CCL1 [-309 CCR8 Type 2 immune responses and regulatory T cell trafficking
CCL2 MCP-1 CCR2 Inflammatory monocyte trafficking, Type 1 immune responses
CCL3 MIP-1a CCR1/CCR5 Macrophages and NK cell trafficking; Type 1 immune
responses
CCL4 MIP-1p CCR5 T cell-DC interaction; Type 1 immune responses
CCL5 RANTES CCR1/CCR3/CCR5 Type 1 and 2 immune responses
CCL7 MCP-3 CCR2/CCR3 Monocyte trafficking
CCL8 MCP-2 CCR1/CCR2/CCR3/CCR5 (human)/  Type 2 immune response; T cell homing to skin
CCR8 (mouse)
CCL11 Eotaxin-1 CCR3 Eosinophil and basophil trafficking
CCL17 TARC CCR4 Type 2 immune responses; Treg function; homing of T cells to
lung and skin
CCL20 MIP-3a CCR6 Th17 responses, B and DC homing in gut-associated lym-
phoid tissue
CCL24 Eotaxin-2 CCR3 Eosinophil and basophil trafficking
CCL27 CTAK CCR10 T cell homing to skin and mucosal sites
CXC CXCL1 GROaq, KC (mouse) CXCR2 Neutrophil trafficking
CXCL2 GROB, MIP-2a, MIP-2 CXCR2 Neutrophil trafficking
(mouse)
CXCL8 IL-8 (not in mice) CXCR1/CXCR2 Neutrophil trafficking
CXCL9 MIG CXCR3 Type 1 immune responses
CXCL10 IP-10 CXCR3 Type 1 immune responses
CXCL11 I-TAC CXCR3 Type 1 immune responses
C XCL1 Lymphotactin a XCR1 Cross presentation by CD8* DCs
XCL2 Lymphotactin XCR1 Cross presentation by CD8+ DCs
CX3C CX3CLA1 Fractalkine CXBCR1 NK, T cells and monocyte trafficking

CTAK; Cutaneous T cell-attracting chemokine; GRO, Growth-regulated oncogene; I-TAC, Interferon-inducible T-cell alpha chemoattractant; IP-10, Interferon gamma-induced protein 10;
KC, Keratinocyte-derived chemokine; MCP-1, Monocyte chemoattractant protein-1;, MIG, Monokine induced by gamma interferon; MIP, Macrophage inflammatory protein; RANTES,
Regulated upon activation, normal T cell expressed and secreted; TARC, thymus and activation requlated chemokine, Treg, Regulatory T cells. Table adapted from (Griffith et al., 2014).

coronavirus infection, it is crucial to fully understand host-
pathogen interactions in the lung, the primary site of
infection. Already, with the absence of any deep
understanding, the general and powerful immunosuppressant
dexamethasone has shown some efficacy in the treatment of
patients with severe COVID-19. Since the COVID-19 pandemic
is still in its first year and its immunopathogenesis remains poorly
defined, we have compared what is currently known about the
chemokine system in all three epidemic coronavirus infections,
with the anticipation that there may be shared features able to
guide and accelerate studies of the chemokine system in the
pandemic that may inform novel ways to suppress
immunopathology and the cytokine storm.

SARS-CoV

Like MERS-CoV and SARS-CoV-2, SARS-CoV originated in bats
(Hu et al,, 2017). It was introduced into humans in China in 2002 by
spillover from an intermediate host, most likely palm civets, then
spread to 29 countries, including the United States and Canada (Peiris
et al,, 2003b; Ksiazek et al., 2003; Cui et al., 2019). More than 8,000
cases were reported before the epidemic was controlled in 2004 by the
classic epidemiologic containment measures of case identification,
contact screening and quarantine (https://www.who.int/csr/sars/
country/2003_07_11/en/, last accessed on August 17, 2020). The
impact of SARS on emerging infectious disease awareness and
pandemic preparedness was profound, driven by its high overall
case-fatality rate of almost 10%.

The SARS incubation period is 2-7 days. Asymptomatic and
presymptomatic transmission does not appear to be significant.
Instead, patients typically display characteristic but non-specific
clinical manifestations, including fever, dry cough, headache,
dyspnea and myalgia, resulting in person to person transmission
via respiratory droplets and aerosols. Epidemiologists described
both symptomatic superspreader events during the SARS epidemic
as well as evidence for remote transmission, as documented most
clearly through air vents in the Metropole hotel in Hong Kong (Tsang
et al, 2003). Severe disease is characterized by recurrent fever, oxygen
desaturation and pneumonia, which frequently progresses to ARDS
requiring mechanical ventilatory support (Booth et al., 2003; Lee et al,,
2003 Peiris et al., 2003a; Peiris et al., 2003b). Clinical factors predictive
of poor outcome and death in SARS include advanced age, male sex,
neutrophilia, lymphopenia, superinfection and comorbidities such as
diabetes (Peiris et al., 2003a; Peiris et al., 2003b; Booth et al., 2003; Choi
et al,, 2003; Lee et al.,, 2003; Chen et al., 2005; Jiang et al., 2005; Tang
et al.,, 2005; Chien et al., 2006).

SARS Immunopathogenesis

Peak SARS-CoV viral burden precedes SARS disease progression,
which is associated with a declining absolute lymphocyte count in
the blood, rising serum lactate dehydrogenase levels, and
progression of lung infiltrates on radiographs (Peiris et al.,
2003a; Wang et al, 2004). SARS-CoV was reported as
undetectable in the lungs of patients who died more than two
weeks after showing signs of illness (Nicholls et al, 2006),
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Table 2 | Chemokine modulation in lungs of animal models of SARS-CoV infection.

Animal model

Mice

Aged mice

Mice
Mice

Young and aged mice

Middle aged male and
female mice

Mice

Mice

MyD88 KO mice

Mice - hACE2 under
the cytokeratin 18
promoter

Mice - hACE2 under
CAG promoter®
TMPRSS2 KO mice

STAT1 KO mice

Adolescent cynomolgus
macaques

Young and aged
cynomolgus
macaques

African green monkeys

Virus modification

Wild-type

Wild-type

Adapted
Adapted

Adapted

Adapted

Adapted lacking the viral
E protein

Adapted lacking/defective
viral E protein-PDZ bind-
ing motif
Adapted

Wild-type

Wild-type

Adapted

Wild-type

Wild-type

Wild-type

Wild-type

Manifestations

Mild weight loss, mild lung inflammation with
no cell infiltration

Weight loss, alveolar damage, infiltration of
NK cells, macrophages, plasmacytoid DCs
and T cells

Excessive weight loss, pulmonary inflammation
and consolidation, and mortality

Weight loss, moderate perivascular edema
and infiltrates, highly lethal

Enhanced weight loss, pulmonary edema,
fibrin deposition and hyaline membrane
formation, neutrophil and inflammatory
macrophage infiltration, fatality in aged
mice as compared to young mice
Enhanced alveolar edema and terminal
bronchiolar epithelial sloughing and greater
mortality in male mice than age-matched
female mice

Reduced lung viral titer, neutrophil infiltrates
in lungs, and pulmonary damage; absence
of weight loss and mortality as compared to
WT virus

Reduced weight loss and mortality compared
to the WT strain; decreased viral burden in
lung; reduced interstitial and peribronchial cell
infiltration and alveolar and bronchiolar edema
Weight loss, denuding bronchiolitis, delayed
recruitment of inflammatory monocytes/
macrophages in lung and mortality

Weight loss, perivascular and peribronchiolar
inflammation, inflammatory cell infiltrates and
mortality

Weight loss, interstitial pneumonitis and
inflammatory infiltrates and mortality
Reduced weight loss, focal inflammatory
infiltration in alveoli, non-lethal infection

Weight loss, pulmonary edema, neutrophil,
lymphocyte, macrophage and eosinophil
infiltration, mortality

Alveolar edema, infiltration of neutrophils,
non-lethal

Enhanced multifocal pulmonary lesions and
leukocyte infiltration in aged animals

Multifocal pulmonary consolidation, DAD
and moderate leukocyte infiltration

Chemokines and Epidemic Coronavirus Infections

Chemokine
modulation in lungs

Upregulation of Ccl1, Ccl2, Ccl3, Ccl5,
Cxcl1, Cxcl9, Xcl1, Cxcl10, Cerl and
Cxcr3; Cer3 was downregulated
Biphasic protein induction of CCL2,
CCL3, CCL5, CXCL9 and CXCL10;>In-
duction of Ccr2, Cerb and Cxcr3
CXCL10 upregulation

CCL2, CCL3 and CCL5 upregulation

Upregulation of CCL2, CCL3, KGC,
CXCL9 and CXCL10 with varying kinetics
in young and old mice

Prolonged and heightened Ccl2 and
Cxcl1 induction in male mice compared
to female mice

Reduced induction of Ccl2, Ccl5, Cxcl1,
Cxcl2 and Cxcl10 by the mutant virus
compared to the WT virus

Reduced induction of Ccl2 and Cxcl10 by
the mutant viruses compared to the WT
virus

Reduced induction of Ccl2, Ccl3 and
Ccl5 by the mutant virus compared to
the WT mice.

Induction of Ccl2, Ccl7, Cxcl9 and Cxcl10

Upregulation of KC, CCL2 and CCL5
amounts.

Reduced amounts of CCL2, CCL3, KC,
CXCL9 and CXCL10 in lungs of infected
KO mice compared to WT mice
Increased CCL2 levels in lungs as com-
pared to WT mice

Induction of CXCL8 and CXCL10

Higher induction of CXCL8 and CCL20 in
aged macaques

Upregulation of CCL3 and CCL20 but not
CXcCLs.

Reference

Glass et al., (2004)

Chen et al., (2010b)

Kumaki et al., (2010)
Day et al., (2009)

Nagata et al., (2008)

Channappanavar et al.,
(2017)

DeDiego et al., (2014)

Jimenez-Guardefio et al.,
(2014)

Sheahan et al., (2008)

McCray et al., (2007)

Tseng et al, (2007);
Yoshikawa et al., (2009a)
lwata-Yoshikawa et al.,
(2019a)

Frieman et al., (2010)

de Lang et al., (2007)

Smits et al., (2010); Smits
et al., (2011)

Smits et al., (2011)

“A composite promoter composed of the cytomegalovirus immediate-early enhancer, the chicken B-actin promoter and the rabbit globin splicing and polyadenylation site.

suggesting  that

fatal

disease progression may become

Nicholls et al., 2003; Tse et al., 2004; Gu et al., 2005; He et al.,

independent of the virus and instead may be driven by
dysregulated immunopathology.

In severe and fatal cases of SARS, the infected lung displays
diffuse alveolar damage (DAD), consolidation, inflammatory cell
infiltration, hyaline membrane formation (fibrin deposition with
remnants of necrotic epithelial cells) and multinucleated giant
cells derived from epithelial cells or macrophages (Choi et al.,
2003; Franks et al., 2003; Ksiazek et al., 2003; Lee et al., 2003;

2006). Lung autopsies of SARS patients suggest that productive
infection initially occurs in alveolar epithelial cells followed by
macrophages (Gu et al., 2005; Nicholls et al., 2006; Mossel et al.,
2008). At least two host cell membrane factors have been
identified that facilitate SARS-CoV entry. Angiotensin-
converting enzyme-2 (ACE2) is a metallopeptidase used as the
cellular SARS-CoV receptor (Li et al., 2003; Hoffmann et al., 20205
Wan et al.,, 2020). It is also used by SARS-CoV-2, but not by
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Table 3 | Chemokine regulation in the lungs of animal models of MERS-CoV-induced viral pneumonia.

Chemokines and Epidemic Coronavirus Infections

Animal model Virus Manifestations Chemokine Reference
modification modulation in lungs
Mice - hDPP4 under the CAG  Wild-type Weight  loss,  multifocal ~ consolidation,  Upregulation of Ccl2, Ccl3, Ccl5, Cxcl1  Agrawal et al., (2015)
promoter macrophage and lymphocyte infiltration and  and Cxcl10
death
Mice - hDPP4 under cytokeratin 18  Wild-type Weight loss, patchy consolidation and death Upregulation of Ccl2, Cxcl9 and Lietal, (2016)
promoter Cxcl10
Mice - hDPP4 knockin Tg mice Adapted Fatal pneumonia and infiltration  of Upregulaton of Ccl2, Cxcl9 and Lietal, (2017)
macrophages and neutrophils in lungs Cxcl10 expression and increased
amounts of CCL2, KC, MIP-2 and
CXCL10
Mice - hDPP4 under an endogenous ~ Wild-type Mild, non-lethal infection Elevated CCL2, CCL3, CXCL9 and Iwata-Yoshikawa
mouse DPP4 promoter CXCL10 levels et al., (2019b)
Mice - hDPP4 under an endogenous ~ Wild-type Mild, slight weight loss, mild mononuclear Delayed induction of CCL2, CCL3,and  Iwata-Yoshikawa
DPP4 promoter and KO for alveolar infiltration, non-lethal infection CXCL9 amounts in TMPRSS2-hDPP4 et al., (2019a)
TMPRSS2 mice as compared to hDPP4 mice
Mice - hDPP4 under an endogenous  Wild-type Dose-dependent, asymptomatic to lethal Upregulation of Ccl2, Ccl7, Ccl12, Coleman et al,
DPP4 promoter, Partial depletion of infection; infiltration of T cells, macrophages Cxcl9, Cxcl10 and Cxcl11 (RNA-seq)  (2017)
CD8 T cells and neutrophils; Reduced CD8 T cells
ameliorates bronchiolar inflammation, lymphocyte
infiltration and pleuritis
Common marmoset Wild-type Bronchointerstitial pneumonia, with lethality in  Alterations in chemokine-related path-  Falzarano et al,,
some animals ways detected by RNA-seq (2014)
Rhesus macaques Wild-type Interstitial infiltration and multifocal  Elevated CCL2 levels reduced by Falzarano et al,
consolidation interferon-a2b and ribavirin treatment ~ (2013)

MERS-CoV. Accordingly, in lung ACE2 is expressed on alveolar
and bronchial epithelial cells, bronchial serous glands and
alveolar macrophages (He et al., 2006). Poor usage of mouse
ACE2 by SARS-CoV was a limitation to mouse models of SARS
that was overcome by developing transgenic (Tg) mice expressing
human ACE2 (hACE2) (Table 2). Transmembrane serine
protease 2 (TMPRSS2) is a second host cell surface molecule
that augments SARS-CoV and MERS-CoV infectivity by cleaving
both ACE2, which promotes viral uptake, and the viral S protein,
which activates S protein for membrane fusion. Accordingly,
mice deficient in TMPRSS2 display reduced severity of disease
following experimental SARS-CoV and MERS-CoV infection,
including decreased lung pathology and dampened chemokine
induction (Iwata-Yoshikawa et al., 2019a) (Tables 2 and 3).

Lung autopsies of SARS patients and in vitro SARS-CoV
infections of macrophages and alveolar and bronchial cells have
clearly demonstrated upregulation of numerous monocyte/
macrophage, neutrophil and T cell-specific chemokines,
including CCL2, CCL5, CXCL8, CXCL9 and CXCL10 (Yen
et al., 2006; Yoshikawa et al., 2010). In agreement with this, the
autopsies revealed infiltration of macrophages, neutrophils and
T cells, but not B or NK cells (Hsueh et al., 2004; Gu et al., 2005; He
et al,, 2006; Yen et al., 2006). Moreover, peripheral blood levels of
the same inflammatory chemokines have been associated with
adverse outcomes in SARS patients (Huang et al., 2005; Tang et al.,
2005; Chien et al., 2006; Cameron et al., 2007). Elevated levels of
CXCL10 in plasma early in infection have been reported to be a
particularly poor prognostic indicator (Tang et al., 2005; Chien
et al., 2006).

At the histologic level, strong local CCL2 expression in infected
ACE2" alveolar and bronchial epithelial cells (He et al., 2006) as
well as increased CXCL10 expression have been observed in lung

samples obtained at autopsy (Jiang et al., 2005; Tang et al., 2005;
Danesh et al., 2008). Consistent with this, CXCR3, the receptor for
CXCL10 (as well as CXCL9 and CXCL11), was strongly
upregulated in lung samples obtained at autopsy from SARS
patients (Danesh et al.,, 2008). CXCL10 expression peaks in lung
during early stages of disease progression, whereas the monocyte-
macrophage and T cell-directed chemokine CCL3, the T cell
chemokine CCL27, and the neutrophil-targeted chemokines
CXCL2 and CXCLS8 are upregulated in lung during late stages
of disease (Kong et al., 2009). SARS-CoV can also infect primary
human monocyte-derived macrophages (MDMs) to induce the
expression of CCL2 and CXCL10 (Cheung et al., 2005), and can
infect human dendritic cells (DCs) to induce the expression of
CCL2, CCL3, CCL5 and CXCL10 (Law et al., 2005), as well as the
receptors CCR1, CCR3 and CCR5 (Law et al., 2009). However,
viral replication is non-productive in both cell types. Further,
in vitro infection of human type II alveolar epithelial cells
maintained at an air-liquid interface led to productive virus
replication and significant upregulation of CXCL10 and
CXCL11, as well as CXCL8 and the Thl cell-directed
chemokine CCL5 (Qian et al, 2013). In additional cell-based
studies, SARS-CoV infection induced expression of CXCL8 and
CCL2 in A549 lung epithelial cells and THP-1 monocytic cells (Yen
et al,, 2006). Compared with the less virulent coronavirus CoV-
229E, SARS-CoV induced higher levels of inflammatory
chemokines in both A549 and THP-1 cells. Consistent with
this, supernatants from SARS-CoV-infected cells showed
chemotactic activity towards neutrophils (CXCL8-dependent),
monocytes (CCL2- and CCL5-dependent) and activated T cells
(CXCLS8-, CCL2- and CCL5-dependent) (Yen et al., 2006).

In mice infected with SARS-CoV, a similar pattern of
inflammatory chemokine induction occurs as in infected
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human cells and tissue. Moreover, infection with lethal strains of
SARS-CoV demonstrated worse lung pathology and higher levels
of induction of inflammatory chemokines, such as Cxcl10 and
Ccl2, than infection with non-lethal SARS-CoV strains that
replicated to similar or even higher levels in the lung (Rockx
et al., 2009). Microarray studies in infected ferrets have also
documented upregulation of CCL2 and CXCLI0 in lung. The
effect is limited to primary infection and does not occur after
reinfection. The authors of the study suggest that adaptive
immunity restricts viral replication during reinfection, thus
limiting the induction of the innate immune response.
Therefore, the innate responses may be required only during
the acute phase of infection (Cameron et al., 2012).

Overall, a model has emerged in which SARS-CoV primarily
infects lung epithelial cells to undergo replication, followed by
infection in macrophages, with induction of chemokine expression
in both cell types. Next, chemokines mediate recruitment of additional
macrophages, neutrophils and T cells. Upon activation, these
leukocytes contribute to an exuberant immune response which
may involve further production of chemokines, potentially
contributing to immunopathological damage in the lung and
development of ARDS.

Direct and Indirect Chemokine Regulation by
SARS-CoV

Vaccination with SARS-CoV  structural proteins can
independently influence chemokine expression after viral
challenge. In particular, in >6 month-old mice immunized
intradermally with recombinant vaccinia viruses encoding M,
N or E, subsequent challenge with SARS-CoV resulted in
upregulation of Ccl2, Ccl3 and Cxcll0 in the lung. These
chemokines were not significantly upregulated in the lungs of
infected mice vaccinated with vector alone or with recombinant
vaccinia virus encoding the SARS-CoV S protein. Vaccination
with S protein, but not with M, N and E proteins expressed
independently, protected mice from subsequent SARS-CoV
challenge, as evidenced by reduced viral titers in the lung
(Yasui et al., 2008). Purified SARS-CoV S protein stimulation
of the human lung epithelial cell line A549 was capable of
upregulating CCL2 (Chen et al., 2010a). Expression of SARS-
CoV S by plasmid transfection could also upregulate CXCL8
(Chang et al., 2004) in human lung epithelial cell lines A549 and
NCI-H520 and human lung fibroblast cell lines HFL-1 and MRC-
5. SARS-CoV S-mediated chemokine upregulation in both these
studies was dependent on MAP kinase, but independent of NF-
kB activity.

E protein-deficient SARS-CoV is less pathogenic and
demonstrates diminished NF-kB activation in infected mouse
lung (Table 2). Moreover, direct pharmacologic inhibition of
NEF-kB by the inhibitors caffeic acid phenethyl ester/CAPE and
parthenolide in vivo reduces expression of Ccl2 and Cxcl2
associated with less pulmonary damage and mortality in
mice, without affecting viral burden in the lungs (DeDiego
et al, 2014). In A549 cells, plasmid-encoded SARS-CoV
nonstructural protein nspl induced CCL3, CCL5 and
CXCL10 expression in an NF-kB-dependent manner.
Similarly expressed nspl from the coronavirus mouse

Chemokines and Epidemic Coronavirus Infections

hepatitis virus and the less pathogenic human coronaviruses
HCoV-229E and HCoV-OC43 were unable to significantly
induce the expression of the aforementioned chemokines in
these systems (Law et al., 2007).

SARS-CoV is well-known to repress type I interferon (IFN)
expression, which in turn may influence chemokine expression.
This can be seen clearly, for example, in vitro, where IFN-a
pretreatment of SARS-CoV-infected human HEK 293 cells
induces overexpression of CXCL10 and CXCL11 relative to
uninfected IFN-a-stimulated cells (Kuri et al., 2009), whereas
in the absence of exogenous IFN stimulation SARS-CoV infection
is unable to induce IFN-B as well as CXCL10 and CXCLI11
expression. In vivo, reports of disproportionately sparse
infiltration of inflammatory cells in the lungs of both fatal
SARS cases (Lee et al.,, 2003; Tse et al., 2004; Gu et al., 2005)
and SARS-CoV-infected African green monkeys (Smits et al,
2011) may be associated with virus-induced repression of type I
IFN and type I IFN-inducible chemokines. Consistent with this,
serum CXCL8 was not elevated in SARS patients, while being
highly elevated in community-acquired pneumonia (CAP)
patients (Chien et al, 2006). The apparent discrepancy
between this study, where CXCL8 amounts in sera of SARS
patients remained uninduced, and reports mentioned in the
previous sections where CXCL8 levels in lungs and lung cell
lines were an indicator of severity of SARS, might reflect
differences between systemic and local lung induction.

Timely type I IFN signaling is crucial for controlling SARS-
CoV viral load, and for resolution of lung pathology in mice.
Administration of IFN- 6 h prior to the peak of infection, but not
12 and 24 h post infection, protected WT mice against lethal
infection (Channappanavar et al., 2016). Likewise, in SARS-CoV-
infected aged macaques, administration of pegylated IFN-a
intramuscularly on days 1 and 3 post infection ameliorated
lung pathology and dampened CXCL8 induction without
affecting viral burden in the lung (Smits et al., 2010). In fact,
both loss and gain of type I IFN signaling can be protective in the
model. Mice lacking the IFNap receptor (IFNAR) are protected
against lethal infection by a mouse-adapted (MA) strain of SARS-
CoV. Compared to WT mice, infected Ifnar ™ mice had similar
viral burden in lung tissue, but only transient weight loss, less
alveolar edema, increased peribronchial-perivascular immune
cell infiltration, and either delayed or absent expression of
IFNB, Ccl2 and pro-inflammatory cytokines in the lung. On
the other hand, in infected mice, type I IFN signaling
promoted Ccl2 expression in lung associated with the local
influx of highly activated inflammatory monocyte-
macrophages, a source of Ccl2 and other pro-inflammatory
molecules. Depletion of these cells by anti-Ccr2 antibody
(inflammatory monocytes specifically express Ccr2) reduced
the levels of Ccl2 in bronchoalveolar lavage fluid (BALF) and
reduced lung pathology and mortality, all of which were
independent of the viral load in the lung (Channappanavar
et al., 2016). For the virus, IFN-I suppression may be useful to
allow for efficient viral propagation prior to inducing a cytokine
storm. Eventually, SARS-CoV proteins override the relative lack
of type I IFN observed during the initial phases of infection to
induce chemokine gene expression, possibly to infect immune
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cells including macrophages and T cells (Gu et al., 2005) and to
further enhance the cytokine cascade.

Timely induction and waning of chemokine expression may
be important for resolution of SARS. Serum levels of the anti-
inflammatory cytokine IL-10 were inversely proportional to
CCL2, CXCL9 and CXCL10 in SARS patients (Huang et al.,
2005). At convalescent stages, IL-10 levels were observed to be
significantly elevated (Zhang et al., 2004). However, a conflicting
report claimed IL-10 levels remained uninduced at all stages of
SARS but were significantly induced at progressive and worse
stages of CAP (Chien et al., 2006).

Lymphopenia may occur in severe SARS disease and may
predispose patients to secondary infections and increased
mortality. SARS patients with secondary Pseudomonas
aeruginosa, invasive Aspergillus and Candida albicans
infections demonstrated high levels of CXCL8 and CCL2 in
blood when compared to SARS patients without secondary
infections, suggesting this profile may have potential utility as
a biomarker of superinfection (Jiang et al., 2005). Together with
IL-6, CXCL8 stimulation has been shown to reduce the capacity
of activated DCs to induce T cell proliferation, potentially
contributing to enhanced susceptibility towards secondary
infections (Yoshikawa et al., 2009b).

Serum CXCL10 levels increase with SARS disease progression
independently of secondary infection, and only wane during
Lymphopenia  coincides with CXCL10
induction and also resolves during convalescence. Importantly,
elevated serum CXCL10 was not strongly associated with non-
SARS patients with atypical pneumonia (Jiang et al., 2005). In
vitro, CXCL10 can be induced directly by either IFN-y
stimulation of monocytes or in SARS-CoV-infected epithelial
cells. The induction and persistence of CXCL10 with progressive
infection has suggested that it might serve as a biomarker for
assessing the clinical stages of SARS infection (Jiang et al., 2005;
Cameron et al., 2007).

convalescence.

Human Chemokine Gene Polymorphisms Associated
With SARS

Human chemokine gene polymorphisms have been associated
with SARS-CoV infectivity and pathogenicity. For example, the
CCL5 -28 CG/GG single nucleotide promoter polymorphism has
been associated with increased risk of developing SARS and SARS
mortality in a gene dosage-dependent manner (Ng et al., 2007;
Lau and Peiris, 2009). In vitro studies demonstrated that the
CCL5 -28G allele enhances NF-kB binding, and increases
promoter activity and CCL5 production in immune cells (Liu
et al., 1999). Consistent with this, SARS presents in children as a
mild disease and without elevations in plasma CCL5 levels (Hon
et al,, 2003; Ng et al., 2005). Nevertheless, the precise functional
importance of CCL5 to SARS pathogenesis has not been defined.
A functional single nucleotide polymorphism in CCL2 which
results in higher expression of the chemokine has also been
reported to be an independent risk factor for increased
susceptibility to SARS-CoV infection, but not mortality (Tu
et al, 2015). Reported associations of CCL2, CXCL9 and
CXCL10 polymorphisms with the incidence of infection and
severity of SARS have been inconsistent (Ng et al., 2007; Lau
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and Peiris, 2009). Genome-Wide Association Studies using
genetically diverse mouse strains have been performed to
identify genetic loci contributing to SARS pathogenesis,
however no genes or genetic networks relating to chemokine
signaling were demonstrated to be directly involved (Gralinski
et al., 2015).

Chemokines Associated With SARS Vaccine
Responses

Numerous attenuated and inactivated SARS-CoV strains have
been tested as vaccine candidates. Some have caused lung
pathology, with infiltration of eosinophils, especially in aged
mice. In particular, immunization with whole UV-inactivated
SARS-CoV (UV-V) in mice provided partial protection towards
subsequent SARS-CoV infection, with reduced weight loss and
viral burden in the lung and enhanced survival, but induced
pulmonary eosinophilia associated with increased expression in
the lung of the eosinophil-targeted chemokine Ccll1. Toll-like
receptor (TLR) stimulation as an adjuvant given with UV-V
immunization inhibited Th2 skewing of the host immune
response and reduced both Cclll levels and eosinophilic
infiltration in lung. Instead, levels of the neutrophil-attracting
chemokine Cxcll were higher in lung homogenates of challenged
UV-V+TLR mice compared to UV-V mice without TLR
stimulation. Transcriptomic studies of lung homogenates
expanded on these observations, revealing that genes related to
eosinophil chemotaxis were upregulated in UV-V mice but
downregulated in TLR stimulated UV-V mice. Additionally,
the genes associated with Th2 responses and chemotaxis and
stimulation of eosinophils, Ccl17 and Ccl24, were upregulated in
UV-V mice (Iwata-Yoshikawa et al., 2014).

Similar observations were found for a double-inactivated (UV
irradiation and formalin) SARS-CoV strain adjuvanted with
alum. Although this vaccine increased survival in aged mice
challenged with a lethal and heterologous strain of SARS-CoV
(S protein of a civet strain incorporated in the Urbani strain of
SARS-CoV), severe lung pathology was observed, including
perivascular and peribronchial cuffing and fibrinous exudates
in alveolar parenchyma. Eosinophilia and heightened Ccll1
expression in the lungs were also observed. Cxcll was
downregulated in the lungs of the challenged mock-vaccinated
group compared to the vaccinated group (Bolles et al., 2011).
SARS-CoV vaccines did not advance beyond Phase 1 studies
in human.

The Functional Importance of Chemokines for SARS
Immunopathogenesis
When mice genetically deficient for Ccrl, Ccr2 or Ccr5 were
infected with SARS-CoV, greater weight loss and pulmonary
damage were consistently observed. The pulmonary pathology
was most severe in Ccrl knockout (KO) mice, and was associated
with 40% mortality (Sheahan et al., 2008). Details regarding the
nature of leukocyte infiltrates in these mice were not provided in
this study.

When two Tg hACE2 mouse strains with varying levels of
hACE2 expression, AC70 (higher hACE2, lethally susceptible to
infection) and AC22 (lower hACE2, transient weight loss, not

Frontiers in Pharmacology | www.frontiersin.org

February 2021 | Volume 11 | Article 600369


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Majumdar and Murphy

susceptible to lethality), were compared, induction of Cxcl1, Ccl2
and Ccl5 in the lung was delayed in the strain susceptible to lethal
SARS-CoV infection compared to the resistant Tg mice. This
delay was accompanied by reduced inflammatory infiltrates and a
late resurgence of viral burden in lung prior to death (Yoshikawa
et al., 2009a). Although mice deficient in Cxcl10 or its receptor
Cxcr3 have not been tested specifically for SARS-CoV
susceptibility, it is of interest that they demonstrate reduced
disease severity and neutrophil content in BALF as well as
enhanced survival in ARDS models involving intratracheal
challenge with either PR8/HIN1 influenza virus or
hydrochloric acid. It should be noted that the HIN1 viral
burden in lung tissue of infected Cxcl10”~ and Cxcr3™~ mice
were comparable to that of infected WT mice (Ichikawa et al.,
2013).

MERS-CoV

Like SARS-CoV, MERS-CoV most likely originated in bats but
spillover to humans clearly involved passage through a different
intermediate host, the dromedary camel (Azhar et al, 2014;
Memish et al., 2014b; Cui et al., 2019). Since its emergence in
Saudi Arabia in 2012, MERS has spread to 27 countries by human
to human transmission linked to travel to or contacts with people
from the Arabian Peninsula. The largest outbreak outside the
Arabian Peninsula occurred in South Korea in 2015; only two
cases have been reported in the United States, both in travelers
from the Arabian Peninsula. The case fatality rate is ~35%, by far
the highest for human coronavirus infection and one of the
highest mortality rates for any infectious disease of man
(https://www.who.int/emergencies/mers-cov/en/, last accessed
on August 17, 2020) (Zaki et al., 2012). Clinical manifestations
range from asymptomatic or mild febrile illness to severe
pneumonia, which may require mechanical ventilation and
ICU admission. The major risk factors for mortality are
similar to SARS: old age, male sex, smoking and the presence
of comorbidities such as diabetes (Saad et al., 2014; Korea Centers
for Diesase Control and Prevention, 2015; Garbati et al., 2016;
Arabi et al., 2017b; Hui et al., 2018).

Receptor Usage and Lung Pathology
The majority of MERS patients with pneumonia show airspace
and interstitial opacities on chest radiographs, which may be
unilateral or bilateral as well as focal or diffuse in distribution
(Min et al., 2016). Histopathological analysis reveals hemorrhagic
pneumonia and exudative DAD, hyaline membrane formation
and rare multinucleated syncytial cells (Ng et al., 2016; Alsaad
etal., 2018). Similar pathological features have also been observed
in MERS-CoV-infected mouse and nonhuman primate models
(Table 3). In human lung autopsies, viral antigens were
predominantly localized in type II pneumocytes and epithelial
syncytial cells (Ng et al., 2016).

The functional receptor for MERS-CoV is dipeptidyl peptidase
4 (DPP4)/CD26, a type II transmembrane ectopeptidase. DPP4
interacts with the receptor binding domain of the S protein of
MERS-CoV (Raj et al., 2013). Consistent with the expression of
DPP4 on alveolar epithelium (Meyerholz et al., 2016), samples
from the lower respiratory tract yielded the highest viral load
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(Memish et al.,, 2014a; Corman et al., 2016; Oh et al., 2016).
Compared with patients who recovered or displayed mild
symptoms, MERS-CoV viral load in the lower respiratory tract
was greater and the viremia was more prolonged in patients who
died or required oxygen supplementation (Min et al., 2016; Oh
et al, 2016). Interestingly, DPP4 expression is enhanced on
alveolar epithelium of smokers and patients with chronic lung
diseases, including chronic obstructive pulmonary disease and
cystic fibrosis (Meyerholz et al., 2016; Seys et al., 2018), which
may explain in part why smoking and pre-existing lung disease
are risk factors for MERS mortality (Korea Centers for Diesase
Control and Prevention, 2015). Tg mice expressing human DPP4
(hDPP4) have facilitated the study of MERS-CoV infection. Viral
pathogenesis has also been studied in rhesus macaques (de Wit
et al,, 2013) and common marmosets (Falzarano et al., 2014)
(Table 3).

Systemic Chemokine Upregulation

MERS-CoV infection induces systemic upregulation of
inflammatory chemokines. CXCL10 and CCL2 levels in
plasma are positively correlated with mortality (Min et al.,
2016; Hong et al, 2018; Shin et al., 2019). In an anecdotal
report consisting of two patients with different outcomes, the
patient that succumbed to MERS-CoV infection had sustained
CXCL10 levels in serum compared to the patient that recovered
(Faure et al., 2014). In a second study, patients that required
oxygen supplementation had higher neutrophil counts during the
first week of hospitalization compared to patients who did not
require supplemental oxygen. Moreover, the serum CXCL10 peak
was higher and was delayed by a week compared to patients not
requiring supplemental oxygen. Upregulation of CXCL10 also
coincided with the peak of chest infiltrates and severity of
pneumonia (Kim et al., 2016).

Chemokine Induction in Lungs and Lung Cell Lines
Studies investigating the effects of MERS-CoV infection on
chemokine expression in lung are also limited. Neutrophil-
targeted CXCL8 levels in the lower respiratory tract have been
positively correlated with MERS-CoV viral load and mortality
(Alosaimi et al., 2020). In addition, MERS-CoV induces higher
mRNA and protein levels of CXCL8 compared to SARS-CoV in
polarized airway epithelial Calu-3 cells (Lau et al., 2013). This
may result in strong neutrophil recruitment in the lungs of
infected patients, possibly contributing to the higher risk of
severe disease and death in MERS patients compared to SARS
patients.

MERS-CoV infection in patients is associated with CXCL10
expression in bronchial tissue (Chan et al., 2013). In vitro MERS-
CoV can productively infect both MDMs and immature
monocyte-derived dendritic cells (IMDDCs). While MERS-
CoV was reported to continue to propagate in IMDDCs up to
day 8 post infection, it was cleared from the supernatants of
MDMs by day 6-8. The kinetics of CXCL10 induction differed in
these cell types, with levels peaking faster and more sustainably in
MDMs than IMDDCs, in which CXCL10 along with other
chemokines and cytokines were very modestly expressed
(Cong et al., 2018).
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At the cellular level, compared to SARS-CoV, MERS-CoV
induced lower amounts of CXCL10 in infected Calu-3 cells. In
addition to lower induction of TNF-a and IFN-f in Calu-3 cells,
lower CXCL10 levels in these cells may result in attenuated
antiviral and pro-inflammatory responses against MERS-CoV,
possibly contributing towards the higher production of MERS-
CoV compared to SARS-CoV in these cells (Lau et al., 2013).
Clearly, it will be important to test this experimentally to judge
the suitability of CXCL10/CXCR3 signaling as a therapeutic
target.

Type I IFN signaling in hematopoietic cells is strongly
protective in MERS-CoV-infected mice (Channappanavar
et al, 2019). In particular, human DPP4 (hDPP4)-knockin
mice transplanted with Ifnar”~ bone marrow cells displayed
greater mortality, as well as higher viral load and increased
Cxcll expression in lung compared to hDPP4-knockin mice
transplanted with syngeneic bone marrow cells. Since
endogenous type I IFN expression in the lung peaked on day
2 after infection with a sublethal dose of a mouse-adapted strain
of MERS-CoV in the model, the protective effect on mortality
may depend on Type I IFN expression and function during an
early time window after infection. Consistent with this, intranasal
administration of recombinant IFN-f at 6 and 24 h post-infection
protected mice against weight loss and death when compared to
mice administered saline as well as mice administered
recombinant IFN- on days 2 and 4 post infection, which in
turn had increased mortality compared to saline-treated controls.
Mice given IFN- in the protective time window also displayed
reduced viral burden and Cxcl10 and Ccl2 gene expression in
lung along with less infiltration of inflammatory monocytes/
macrophages and neutrophils by day 4 post-infection, whereas
these parameters were all increased in lungs of mice receiving
IFN-B outside the protective time window. The time-sensitive
effect of IFN-B administration on MERS pathogenesis in the
model is similar to what was observed previously for SARS-CoV
infection (Channappanavar et al, 2016). The pathogenic
importance of Ccl2 induction in the MERS model was
suggested by the ability of anti-Ccr2 antibody administration
to deplete inflammatory monocytes/macrophages associated with
significantly improved weight loss and survival rate of the
recombinant IFN-f treated mice. To date there have been no
studies selectively targeting chemokines or chemokine receptors,
either genetically or pharmacologically in patients or animal
models, to directly interrogate roles in pathogenesis.

MERS-CoV-Induced Chemokine Regulation

Different MERS-CoV strains can elicit different host responses.
MERS-CoV SA 1 and MERS-CoV Eng 1, two genetically distinct
MERS-CoV strains having 29 amino acid differences across the
length of the viral genome and a deletion of 2 amino acids in the
N protein of the MERS-CoV Eng 1 strain compared to the MERS-
CoV SA 1 strain, were compared in vitro. Examination of innate
host cell responses in Calu-3 cells demonstrated differential gene
regulation, including for CCL5 and IFN-y (Selinger et al., 2014).
MERS-CoV-encoded proteins can directly modulate CXCL10. In
particular, overexpression of MERS-CoV N protein upregulates
CXCL10 in the human cell lines 293FT and A549 (Aboagye et al.,
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2018). Conversely, upon stimulation of the pattern recognition
receptor MDA5, the MERS-CoV-encoded papain-like protease
downregulated CCL5 and CXCL10 in HEK 293T cells (Mielech
et al., 2014). This pathway may temporally regulate CXCL10 to
delay and sustain its expression during MERS, potentially
enhancing viral pathogenicity as evidenced by the positive
association of MERS severity with circulating CXCL10 levels
(Kim et al,, 2016; Min et al,, 2016; Hong et al, 2018; Shin
et al,, 2019). Mechanistically, the MERS-CoV accessory protein
4b interacts with the cellular importin karyopherin-a4, which
normally binds to the NF-kB-p65 subunit and facilitates nuclear
localization and activation of NF-kB, thereby resulting in
cytoplasmic retention of NF-kB and attenuation of
downstream inflammatory responses, such as chemokine
induction (Canton et al., 2018).

Diabetes and CXCL10

A major risk factor for MERS mortality is diabetes (Assri et al.,
2013; Korea Centers for Diesase Control and Prevention, 2015;
Garbati et al.,, 2016; Arabi et al., 2017a; Habib et al., 2019).
Diabetes induced by a high fat diet prolonged MERS-CoV
disease, which included the duration and extent of body
weight loss in male hDPP4 transgenic C57BL/6 mice
compared to mice fed a normal diet. The lung viral burdens
in the mouse groups were similar. The mechanism involved
delayed onset and resolution of inflammation along with
reduced infiltration of inflammatory monocytes/macrophages
and CD4" T cells in the lungs. Lung Ccl2 expression coincided
with the peak of inflammatory monocyte/macrophage
accumulation in WT mice and was significantly higher during
the initial phase of infection. During both phases of infection,
Ccl2 induction in diabetic mice was lower compared to WT mice.
Cxcl10 expression in the lungs of diabetic mice was lower only
during the initial stage of infection compared to non-diabetic
infected mice (Kulcsar et al., 2019).

SARS-CoV-2

SARS-CoV-2 was first reported and isolated in Wuhan, China in
December 2019 from a disease now known as COVID-19 (Zhu
et al., 2020). Koch’s postulates have been fulfilled establishing
SARS-CoV-2 as the causative agent of COVID-19, which was
declared a pandemic by the World Health Organization in March
2020. Sequence analysis strongly indicates that SARS-CoV-2 is
most closely related to known bat coronaviruses (Boni et al.,
2020); however, its evolutionary path to humans has not been
defined, and remains controversial. Possibilities include direct
spillover from a bat to humans, indirect spillover from a bat to
humans through an intermediate host (as for SARS and MERS),
and a leak from a laboratory studying bat coronaviruses, either
from bona fide SARS-CoV-2 isolated from a natural sample or
from a derivative of a natural virus generated by serial passage in
laboratory animals and/or cell culture.

At present, there is no direct evidence that SARS-CoV-2 was
present in any laboratory before it was first discovered in a
patient, and detailed sequence analyses have been performed
to argue that it most likely spilled over naturally (Andersen et al.,
2020). The closest known related coronavirus sequence,

Frontiers in Pharmacology | www.frontiersin.org

February 2021 | Volume 11 | Article 600369


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Majumdar and Murphy

designated RaTG13 (96.2% identical genome-wide to SARS-
CoV-2), was identified by scientists from the Wuhan Institute
of Virology (WIV) in a bat fecal sample isolated from a cave in
Yunnan, China in 2013 (Zhou et al., 2020b). The complete
sequence of RaTG13 was disclosed at the same time as the
sequence of SARS-CoV-2 by the same WIV research group,
which has been studying emerging infectious diseases and
coronaviruses, particularly bat coronaviruses, for ~20 years.
The 3.8% nucleotide position differences separating RaTG13
and SARS-CoV-2 are estimated to represent decades in
evolutionary distance in nature, although this gap could
potentially be breached much more rapidly by serial passage
in a laboratory, for which there is currently no direct evidence.
Sequence analysis has suggested that any effort to derive SARS-
CoV-2 by serial passage of RaTGl3 or another related
coronavirus would have had to occur in vivo since there is
sequence evidence of conserved glycosylation sites in the S
protein receptor binding domain indicating that it most likely
evolved under immune pressure (Andersen et al., 2020).

Samples collected from the expedition in 2013 by WIV
scientists to the bat caves in Yunnan province contained
many other coronavirus sequences in addition to RaTG13
(Ge al,, 2016). Interestingly, this exploration was
motivated by a recent outbreak of acute respiratory illness in
6 miners who had been working in a bat cave in Yunnan. The
clinical histories of the 6 miners, 3 of whom did not survive
their illness, were non-specific but in retrospect are clearly
compatible with a diagnosis of severe COVID-19. The simplest
explanation that links the Yunnan bat cave outbreak to the
contemporaneous discovery of the RaTGl3 sequence by
Wuhan scientists in a Yunnan bat and the SARS-CoV-2
outbreak in Wuhan is that a bat coronavirus evolved the
genetic features necessary to jump directly to humans,
including the ability to efficiently use human ACE2 as a cell
entry receptor and the acquisition of a furin cleavage site in the
S protein that binds to ACE2 that is known to enhance ACE2
binding. Furin cleavage sites are unusual in viruses, but have
been demonstrated previously to enhance cell entry, virulence
and transmissibility in other viruses, including influenza. These
cleavage sites can be acquired by serial passage in experimental
animals, an example of so-called potential dual use gain-of-
function research of concern which led to a moratarium on
such research for almost a decade ending in 2017. Nevertheless,
the cause of the miners’ illness was never established, and
SARS-CoV-2 antibody titers have not been reported in these
patients; moreover, it is unclear whether any patient samples
still exist.

Since 7 years elapsed after the miners’ illnesses before COVID-
19 was recognized, any causal relationship between the two events
could have involved additional changes to the original virus to
acquire more efficient person-to-person transmission in the
general population outside of the intense environment of a bat
cave. Importantly, the RaTG13 virus corresponding to the
sequenced bat fecal sample collected by WIV scientists in 2013
was never isolated, nor has there been independent confirmation
of its sequence, and unfortunately there is no more of the original
sample remaining, separating the issue significantly from the

et
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realm of scientific questions that can be subjected to direct
experimental scrutiny.

Extraordinary person-to-person viral transmissibility has
established COVID-19 as a pandemic of historic proportions
with extremely high total mortality despite a case fatality rate of
less than 1%. Daily case incidence has risen and fallen over time in
prominent waves that vary in number and shape in different
countries and regions, as determined in large part by the
stringency of the mitigation strategies governments deploy to
modify social density and behavior and the degree of community
compliance with them. The majority of COVID-19 patients are
either asymptomatic or show mild symptoms that spontaneously
resolve. After a median incubation period of ~4 days, clinical
manifestations commonly include fever, non-productive cough,
myalgia, loss of the senses of smell and taste and dyspnea. Less
common symptoms include fatigue, diarrhea, nausea and
vomiting. A minority of patients rapidly progresses to ARDS
and requires mechanical ventilation (Huang et al., 2020a; Chen
et al, 2020; Guan et al., 2020; Wang et al., 2020). In addition to
ARDS, multiorgan failure associated with intravascular
coagulation is a major cause of COVID-19-related mortality
(Zhou et al, 2020a). Multiple other presentations, disease
courses and phenotypes have been described, including
multifocal inflammatory syndrome in children (MIS-C), a
Kawasaki’s Disease-like illness, and long hauler syndrome, a
post COVID-19 chronic fatigue syndrome-like illness. Risk
factors for COVID-19-related mortality include old age, male
sex, neutrophilia, T cell lymphopenia, immunodeficiency,
presence of secondary infections and comorbidities including
diabetes, hypertension and diseases that affect the liver, kidney,
cardiovascular, pulmonary and cerebrovascular systems (Chen
et al., 2020; Huang et al., 2020a; Li et al., 2020; Ruan et al., 2020;
Wang et al., 2020; Zhang et al., 2020; Zheng et al., 2020b; Zhou
et al., 2020a)

Systemic Chemokine Upregulation

The severity of COVID-19 can be stratified based on plasma/
serum chemokine levels. Serum monocyte-macrophage-directed
CCL2, neutrophil-directed CXCL1 and CXCL8 and Thl cell-
directed CXCL9 levels are elevated in symptomatic, but not
asymptomatic, infected individuals. Thl cell-directed CXCL10
levels are upregulated in asymptomatic infected individuals
compared to uninfected controls, and the levels are further
elevated in symptomatic patients. Furthermore, CXCL10 levels
are graded according to the severity of the disease (Laing et al.,
2020). These inflammatory chemokines are all significantly
reduced at the convalescent stage of the disease. Severe cases
of COVID-19 also display higher levels of CCL7, CCL3 and
CXCL9 compared to mild and moderate cases (Chi et al., 2020).
Plasma levels of CXCL10, CCL2 and CCL3 were higher in ICU
patients compared to non-ICU patients (Huang et al., 2020a).
Also, the plasma CXCL10 levels were higher in non-stabilized
patients compared to stabilized patients (Yale IMPACT research
team et al.,, 2020). Furthermore, in a kinetic study, the plasma
CXCL8, CCL2 and CCL7 levels were higher in fatal cases
compared to the mild and/or severe cases of COVID-19. On
the other hand, CCLS5 levels were significantly lower in plasma of
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fatal cases compared to mild and severe cases. Plasma levels of the
homeostatic chemokine CXCL12, neutrophil-targeted CXCLI,
eosinophil-targeted CCL11 and the memory T cell-homing
chemokine CCL27 remained high during infection and were
not differentially regulated based on the severity of disease (Xu
et al., 2020b). In another study, plasma CCL3 and CXCL10 levels
were higher in COVID-19 patients with pneumonia and hypoxia
requiring oxygen supplementation compared to patients without
pneumonia and patients with pneumonia but not experiencing
hypoxia (Young et al., 2020).

In severe cases, viral load has been reported to be higher in
males, and more sustained in the elderly (Zheng et al., 2020a;
Zheng et al., 2020b). Serum CCL3 and CCL7 levels were higher in
male than female COVID-19 patients (Chi et al, 2020). In
contrast, despite possessing comparable viral loads in saliva
and nasopharyngeal swabs, male patients showed higher levels
of plasma CXCL8 and CCL5 as well as a higher frequency of non-
classical (CD14"°¥CD16") monocytes in the blood compared to
female patients. Furthermore, plasma CCL5 levels were
significantly higher and T cells were significantly lower in
male patients possessing higher frequencies of circulating non-
classical monocytes compared to male patients that possessed
fewer non-classical monocytes. CCL5 levels were also higher in
female patients that subsequently progressed to severe disease
compared to the ones that stabilized (Yale impact research team
et al., 2020).

Serum CCL17 levels have been suggested as a prognostic marker for
severe cases of COVID-19. At an early phase of infection, patients with
low CCL17 levels subsequently developed severe/critical COVID-19,
whereas patients with comparatively higher CCL17 levels developed
mild to moderate disease. Furthermore, CCL17 levels in common
diseases (negative for SARS-CoV-2 RNA) including chronic hepatitis
C, type 2 diabetes mellitus, chronic renal failure, chronic heart failure,
interstitial pneumonia and rheumatoid arthritis were found to be
higher than in COVID-19 patients at an early phase who went on to
develop severe disease. The authors of this study also stated that
CXCL9 and CXCL10 levels in sera surged and then suddenly dropped
before the patients deteriorated and required oxygen support
(Sugiyama et al, 2021). These markers along with the ones
mentioned previously can perhaps be used as triage markers for
predicting severe disease to prioritize for early therapeutic
interventions. A Genome-wide Association Study in COVID-19
patients with respiratory failure identified a susceptibility locus at a
chromosome 3p21.31 gene cluster, which includes the genes encoding
the chemokine receptors CCR9, CXCR6 and XCRI, while genes for
CCR1 and CCR2 flank the region (The Severe Covid-19 GWAS
Group, 2020). Further studies are required to implicate individual host
genes contributing towards COVID-19 severity in humans.

Animal Models and Receptor Usage

As mentioned previously, SARS-CoV-2, like SARS-CoV, binds to
the human ACE2 receptor to gain entry into host cells (Wan et al.,,
2020). For host entry, the S protein must undergo activation by
cleavage at two sites, S1/S2 and S2', which are mediated by host
cellular proteases. The proprotein convertase, furin cleaves the S
protein at the S1/S2 site, while TMPRSS2 cleaves at the S2' site.
Cleavage at the S2'site is believed to trigger membrane fusion of the S

Chemokines and Epidemic Coronavirus Infections

protein (Bestle et al., 2020, Hoffmann et al., 2020). SARS-CoV-2 is
unable to bind efficiently to mouse ACE2. Accordingly, neither WT
mice nor mice deficient in RAG, STAT1 or type I and II IFN receptor
signaling that do not express hACE2 are susceptible to SARS-CoV-
2-induced weight loss and viral replication in the lung (Hassan et al.,,
2020). Therefore, mice have been engineered to be SARS-CoV-2
susceptible by transgenic introduction of hACE2 in the germline or
by transiently transducing lung epithelium in vivo with replication-
defective adeno-associated virus expressing hACE2 (Table 4). In
addition to mice, intratracheal infections in rhesus macaques have
demonstrated age-dependent development of pneumonia, with old
monkeys developing more severe interstitial pneumonia than young
monkeys. The presence of viral antigen was enhanced in an aged
rhesus macaque compared to a younger monkey. The older macaque
showed diffuse severe interstitial pneumonia with edema, extreme
thickening of alveolar septum and abundant infiltration of
inflammatory cells in the alveolar interstitium, whereas the
development of these pathologies was milder in the younger
macaque (Yu et al., 2020).

Chemokine Regulation in Lung
Respiratory failure from ARDS is the leading cause of death in
COVID-19 patients. The majority of patients, including many
asymptomatic patients, develop diffuse bilateral pneumonia
(Guan et al, 2020) with ground-glass opacity, which may
progress to or co-exist with consolidation (Chen et al., 2020;
Haseli et al., 2020; Huang et al., 2020a; Shi et al., 2020). Samples
from the lower respiratory tract have a higher viral load than
those from the upper respiratory tract (Huang et al, 2020b).
Pathologic findings in the lung include bilateral DAD, interstitial
thickening, pulmonary edema, proteinaceous exudates, hyaline
membrane formation, presence of multinucleated syncytial cells,
infiltration of T cells or inflammatory monocytes and evidence of
widespread microthrombi (Ackermann et al., 2020; Barton et al.,
2020; Martines et al., 2020; Tian et al., 2020; Xu et al., 2020a).
Similar to SARS-CoV, SARS-CoV-2 is detectable in both type II
pneumocytes and macrophages (Martines et al, 2020). The
highly pro-inflammatory environment in the lungs of severe
COVID-19 cases is reflected in the BALF, which contains high
levels of pro-inflammatory MDMs, neutrophils and proliferating
T cells compared to moderate cases. On the other hand, highly
clonally expanded CD8" T cells were more abundant in BALF
from moderate cases compared to severe cases of COVID-19
(Liao et al., 2020). Analysis of normal lung tissue and tissue from
post-mortem  COVID-19 patients show two distinct
immunopathological profiles. COVID-19 patients who died
earlier after hospitalization had high local expression of
interferon-stimulated genes (ISGs), cytokines and viral loads
and limited pulmonary pathology. On the other hand, patients
who died significantly later displayed lower ISG expression, low
viral load, severe lung damage and abundant infiltration of
activated CD8" T cells and macrophages. Although intra-
alveolar hemorrhage was not associated with the lung ISG
status in these patients, it did positively correlate with median
CXCL9/CXCL10/CXCL11 expression (Nienhold et al., 2020).
The levels of monocyte-, neutrophil- and Thl-specific
chemokines are directly proportional to the severity of

Frontiers in Pharmacology | www.frontiersin.org

February 2021 | Volume 11 | Article 600369


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Majumdar and Murphy

Table 4 | Chemokine regulation in the lungs of animal models of SARS-CoV-2-induced viral pneumonia.
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Animal model Virus Manifestations Chemokine Reference
modification modulation in lungs

Mouse lung transfected with plasmid — Wild-type Inflammatory cell infiltration in lung parenchymaand ~ Upregulation of Ccl3, Ccl5, Cxcl1, Cxcl2  Liang et  al,
expressing hACE2 interstitium; inflammatory cell aggregationin alveolar  and Cxcl5 (2020)

wall and spaces; Recruitment of

neutrophils, monocytes, macrophages and

T cells in BALF; No weight loss observed.
Cxcl5™~ mice transfected with plasmid ~ Wild-type Reduced neutrophil recruitment in BALF of Ccl3 and Cxcli lower in Cxcl5”~ mice Liang et al.,
expressing hACE2 Cxcl5™~ mice along with less severe lung pa-  compared to WT mice (2020)

thology and inflammatory cell aggregation in the

bronchial walls and alveolar spaces compared

to WT mice. Viral loads were comparable in

both the mice groups
Mouse lung transduced with adenovirus ~ Wild-type Interstitial  pneumonia  with  perivascular  Upregulation of Cxcl9 and Cxcl10 Han et al,
5 expressing hACE2 inflammation and infiltration of numerous lym- (2020)

phocytes and macrophages; weight loss and

mortality not observed; Presence of SARS-

CoV-2 in pneumocytes in alveolar septa
Mouse lung transduced with replication-  Wild-type Increased vascular congestion, hemorrhage, Upregulation of Ccl2 and Cxcl10 Sunetal., (2020)
deficient adenovirus 5 expressing hACE2 perivascular and interstitial inflammatory cell in-

filtrates, necrotic cell debris and alveolar edema;

Loss of body weight
Tg male and female mice expressing Wild-type Viral antigen detected in  pneumocytes Upregulation of Ccl2, Ccl5, Ccl9 and Golden et al,
hACE2 under the keratin 18 promoter and macrophages; Lung consolidation with  Cxcl10 (2020)

inflammation and alveolar septal thickening with

fibrin, edema and leukocyte infiltration; Vasculitis

and weight loss.
Tg male and female mice expressing Wild-type The majority of female mice survived upon Male mice had higher Cxcl1 and Cxcl2 ~ Golden et al,
hACE2 under the keratin 18 promoter infection with low dose viral challenge, while gene expression compared to female (2020)

all male mice died mice
Mouse lung transiently transduced with ~ Wild-type hACE2 transduced mice had virus infection in  Upregulation of Cxcl10, Ccl2, Ccl5 and Hassan et al,
replication-defective ~ adenovirus 5 bronchiolar epithelial cells and pneumocytes; Cxcl11 (2020)
expressing hACE2 Neutrophil infiltration in perivascular and alveolar

sites.
Mouse lung transienty transduced  Wild-type Infected IFNAR1 mAb treated mice showed The induction of these chemokines Hassan et al,
with  replication-defective  adenovirus 5 enhanced weight loss, lung infiltration in  was reduced by neutralizing antibody (2020)
expressing hACE2. These mice were also perivascular and alveolar sites with macrophage  specific to the SARS-CoV-2 S protein
administered  anti-IFNAR1  monoclonal accumulation.  Neutralizing mAb  against  receptor-binding domain
antibodies the SARS-CoV-2 receptor-binding domain

ameliorated weight loss and virus burden in

lungs of transduced, IFNAR1 mAb-treated mice

Non-lethal infection with virus being undetectable

by day 14 post infection.
Ferrets Wild-type Non-lethal infection with virus being undetectable  Upregulation in expression of CCL8, Blanco-Melo

by day 14 post infection. CXCL9, CCL2, CCR5, CCRB, CXCR1, et al., (2020)

COVID-19 infection (Liao et al., 2020). CXCL8 was highly
enriched in BALF from severe cases compared to healthy
donors and mild cases of COVID-19, which correlated with
abundant neutrophils in lungs of patients of that group (Park
and Lee, 2020). Transcriptome studies on BALF cells from
COVID-19 patients also reveal that inflammatory innate and
Thl-associated chemokines, their receptors and their signaling
pathways are highly upregulated (Gardinassi et al., 2020; Liao
et al., 2020; Xiong et al., 2020; Zhou et al., 2020c). CCL3, CCL4,
CCL5, XCL1 and XCL2 are highly expressed in virus-specific
CD4" T cells activated in vitro (Meckiff et al., 2020), suggesting
that these cells may contribute to chemokine levels found in
patient lung. At low multiplicity of infection, SARS-CoV-2
strongly induces various chemokines in normal human

CXCR2 and CXCR?7 in nasal washes.

bronchial epithelial cells, whereas only low levels of IFN are
expressed (Blanco-Melo et al., 2020). SARS-CoV-2 is much more
sensitive to type I IFN pre-treatment than SARS-CoV in vitro
(Lokugamage et al, 2020). While strongly inducing pro-
inflammatory chemokines, suppression of IFN signaling likely
allows for virus replication to occur, resulting in
immunopathological damage to lungs (Blanco-Melo et al,
2020). Ex vivo studies with human lung tissue demonstrated
that SARS-CoV and SARS-CoV-2 share similar cell tropism, with
both viruses infecting type I and II pneumocytes and alveolar
macrophages. Interestingly, SARS-CoV-2 was more efficient at
replication than SARS-CoV, while gene expression of type I, II
and III IFNs and pro-inflammatory cytokines including IL-1,
IL-6 and IL-12 were higher in SARS-CoV-infected cells.
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Furthermore, CCL3, CXCL2, CXCL8 and CXCL?9 levels were also
higher in SARS-CoV-infected cells, whereas the levels of CXCL10
were higher in SARS-CoV-2 infected cells (Chu et al., 2020).
These factors may contribute to higher transmissibility of SARS-
CoV-2 through the naive human population. Higher replication
of SARS-COV-2 may be attributed to enhanced affinity of the
virus’s receptor binding domain towards ACE2, when compared
to that of SARS-CoV (Shang et al., 2020). Future studies will be
needed to distinguish whether SARS-CoV is a superior inducer of
the above mentioned pro-inflammatory factors or whether SARS-
CoV-2 is more efficient at suppressing the innate and pro-
inflammatory molecules or whether a combination of both
mechanisms is at play.

RNA-sequencing studies on nasopharyngeal swabs of patients
have revealed upregulation of the Thl chemokines CXCL9,
CXCL10, CXCLI11 and CCL2 in patients with high viral load,
while patients with lower viral loads had higher CXCLS8
induction. Additionally, older patients showed reduced
expression of CXCL9, CXCL10 and CXCLI11 and their shared
receptor CXCR3, suggesting potential impairment of trafficking/
functioning of NK, cytotoxic T cells and other CXCR3-expressing
cell types. In silico estimation of immune cell composition using
gene expression data suggested a higher proportion of Ml
macrophages, activated NK cells and DCs in high viral load
samples, whereas naive B and T cells, M2 macrophages and
neutrophils were more abundant in lower viral load samples
(Lieberman et al, 2020). Compared to lung biopsies from
uninfected individuals, post-mortem lung samples from
COVID-19 male patients older than 60 years demonstrated
robust expression of CCL2, CCL8 and CCL11, with no IFN-I
and IFN-III detection (Blanco-Melo et al., 2020). In throat swabs,
viral shedding is sustained until death in fatal cases (Zhou et al.,
2020a), which suggests a chronic pro-inflammatory viral-induced
state in the absence of IFN induction, resulting in lung pathology
and death. To date there are no published mechanistic studies
aimed at precisely delineating the functional significance of
chemokines upregulated by infection of animal models with
SARS-CoV-2.

Therapeutic Considerations
Many COVID-19 vaccine candidates are in the pipeline with
preliminary evidence of safety and immunologic efficacy at the
level of inducing high titers of neutralizing antibodies. mRNA
vaccines by Pfizer and Moderna have shown around 95% efficacy
at preventing symptomatic SARS-CoV-2 infection. These
vaccines have been approved by the FDA and their
administration was initiated recently. Meanwhile, therapeutic
options supported by evidence from randomized controlled
trials are also beginning to emerge, with many clinical trials
ongoing and being planned. Systemic and pulmonary chemokine
levels may turn out to be useful prognostic markers to risk-stratify
patients and accelerate interventions to reduce adverse outcomes.
In addition, efforts need to advance to interrogate their relevance
in disease pathogenesis and utility as therapeutic targets.

There are multiple clinical trials at various stages to assess
chemokines for prediction and profiling of COVID-19
progression and  severity (ClinicalTrials.gov  Identifier:

Chemokines and Epidemic Coronavirus Infections

NCT04351711, NCT04365166, NCT04385108, NCT04423640,
NCT04441502, NCT04474067). Also, various specific and non-
specific inhibitors of chemokines are being tested to reduce the
exaggerated pro-inflammatory response during COVID-19. The
encouraging results of the Randomized Evaluation of COVID-19
Therapy trial advocate the low dose usage of the corticosteroid
dexamethasone to reduce mortality in severe COVID-19 disease
(The RECOVERY Collaborative Group, 2020). Upon
dexamethasone treatment, dampening of systemic and lung
chemokines by either increasing IL-10 or attenuating pro-
inflammatory cytokines in these patients is likely, but requires
future assessment. Targeted treatment in individuals with severe
disease and poor prognosis through the use of chemokine
signaling inhibitors is being evaluated. In particular, a phase 2
clinical trial is ongoing to test the efficacy of a human monoclonal
antibody directed against IL-8, designated BMS-986253, in severe
cases of COVID-19  (ClinicalTrials.gov  Identifier:
NCT04347226). The CCR5/CCR2b small molecule antagonist
cenicriviroc reduces SARS-CoV-2 replication in vitro (Okamoto
et al,, 2020), and a phase 2 trial is testing the effectiveness of
cenicriviroc to reduce the severity of COVID-19 (ClinicalTrials.
gov Identifier: NCT04500418). Additionally, the CCR5-blocking
antibody leronlimab has been reported to reduce plasma viremia
in terminally ill COVID-19 patients (Patterson et al.,, 2020).
Leronlimab was developed as an HIV entry inhibitor, acting
by blocking CCR5 binding to HIV gp120 without blocking the
binding of CCR5 ligands, a notable safety feature. However, this
feature would not be predicted to have any efficacy in a disease
like COVID-19 where the virus is not using CCR5 for entry and
where the chemokines induced can act at CCR5 through an
unblocked site, although it could potentially work by an as yet
undefined alternative mechanism. Clinical trials enrolling mild-
moderate (ClinicalTrials.gov Identifier: NCT04343651) and
severe COVID-19 (ClinicalTrials.gov Identifier: NCT04347239)
patients to assess the efficacy of leronlimab in ameliorating
disease severity are ongoing. A phase 1 clinical trial to test the
efficacy of maraviroc, an FDA-approved CCR5 antagonist in
HIV/AIDS, is also in progress in moderate and severe cases of
COVID-19 (ClinicalTrials.gov Identifier: NCT04435522). In
addition to these clinical trials, it would be of significance to
test the efficacy of CXCR3 antagonists in COVID-19 patients,
considering that systemic CXCL10 levels are positively correlated
with the severity of the disease (Huang et al., 2020a; Chi et al.,
2020). Serum CX3CLI1 levels are directly proportional to the
severity of COVID-19 and decline during convalescence (Tong
et al,, 2020). A Phase 2 clinical trial to test the safety and efficacy
of KANDS567, a small molecule CX3CRI1 blocker, in hospitalized
COVID-19 patients is in progress (EudraCT Number: 2020-
002322-85).

Furthermore, a clinical trial to examine the effects of the next-
generation Bruton’s tyrosine kinase (BTK) inhibitor, acalabrutinib, on
the immune response in COVID-19 patients is also underway
(ClinicalTrials.gov  Identifierr ~NCT04497948). Upon TLR
stimulation in cells, BTKs upregulate chemokines via NF-«kB
activation. Hyperactivation of BTKs has been observed in blood
monocytes of COVID-19 patients, and administration of
acalabrutinib in an uncontrolled study involving a limited number
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Table 5 | Comparison of major features of the epidemic coronavirus.

SARS-CoV
Disease SARS MERS
Duration 2003-2004 2012-present
Country of origin China Saudi Arabia
Number of coun- 29 27
tries affected
Total cases 8,098 2,562
Receptor ACE2 DPP4
TMPRSS2 Yes Yes
dependence
Incubation period 2-7 days 2-14 days
Likely origin Bats Bats
Intermediate hosts ~ Palm civets Camels
Case fatality rate 10% 34.4%
Ro 2.0-3.0 0.9
Risk factors for Advanced age, male sex, presence of sec-
mortality ondary infections, comorbidities like diabetes.

Lung pathology in
severe cases

DAD, consolidation, inflammatory cell infiltra-
tion, vascular thrombosis and presence of
multinucleated giant cells

Systemic chemo- Yes Yes
kine upregulation
Chemokines upre- CCL2, CCL3, CCL27, CXCL2, CXCL8 and CXCL8

gulated in lung CXCL10

Data compiled from sources mentioned in the text and CDC and WHO resources.

of patients with severe COVID-19 appeared to considerably improve
their clinical status (Roschewski et al., 2020).

A properly balanced innate immune response is required for
initiation of the adaptive immune response and eventual viral
clearance. However, coronaviruses modulate IFNs and
chemokines to enable their replication prior to initiation of an
exuberant chemokine response, leading to lung pathology and
ARDS. Therefore, timely initiation to control the innate immune
response may be necessary to clear the virus while causing
minimum bystander tissue injury. Future studies with SARS-
CoV-2 in mouse models may help elucidate the role of
chemokines and their receptors in coronavirus infection. Mice
deficient for chemokines and their receptors as well as the usage
of specific chemokine receptor antagonists will aid in elucidating
host-virus interactions. Furthermore, these studies will facilitate
understanding of the role chemokines play in the poor outcomes
experienced by many subjects with pre-existing comorbidities.
These investigations will hopefully further the development of
improved interventions to successfully reduce disease burden
from SARS-CoV-2 as well as any future emergent coronaviruses.

SUMMARY

The COVID-19 pandemic emphasizes the need to study
coronavirus-host responses, to define those that are beneficial
and result in viral clearance and restoration of health, as well as
those that become dysregulated and potentially contribute to
ARDS, stroke, multisystem inflammatory syndrome in children/
MIS-C and other severe life-threatening complications. Our focus

Advanced age, male sex, smoking, underlying
diseases and comorbidities like diabetes.

Hemorrhagic pneumonia, exudative DAD, in-
flammatory cell infiltration, vascular thrombosis
and rare multinucleated syncytial cells

MERS-CoV
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SARS-CoV-2

COVID-19
2019-present
China

189

>44,312,806 (as of Oct 28, 2020)
ACE2
Yes

2-14 days

Bats

Unknown

<1% (estimate)

1.8-3.6

Advanced age, male sex, immunodeficiency, pres-
ence of secondary infections, underlying diseases
and comorbidities including diabetes and
hypertension

DAD, consolidation, hyaline membrane formation,
inflammatory cell infiltration and presence of mul-
tinucleated giant cells

Yes

CCL2, CCL8, CCL11, CXCL8 and CXCL10

on chemokine responses is motivated by the general importance
of these molecules in coordinating immune responses and the
tractability of GPCRs as targets for drug development.

Some features that distinguish SARS-CoV-2 from SARS-CoV
and MERS-CoV are distinct receptor usage and affinity,
intermediate host, transmissibility, proportion of asymptomatic
patients and case fatality rate (Petrosillo et al,, 2020) (Table 5).
Uniquely, a prominent proportion of COVID-19 patients develop
olfactory dysfunction including partial (hyposmia) or complete
(anosmia) loss of smell (Meng et al., 2020). Furthermore, SARS-
CoV-2 viral load peaks prior to the onset of symptoms, unlike
infections with SARS-CoV and MERS-CoV, where their viral loads
peak after onset of symptoms (Benefield et al., 2020). Despite these
and other differences, the three epidemic coronaviruses may share a
common pathway to induce ARDS in patients. They primarily
infect alveolar epithelial cells to propagate and induce expression of
pro-inflammatory molecules, including specific pro-inflammatory
chemokines, to recruit and activate leukocytes within the lung.
Subsequently, activated leukocytes may further enhance chemokine
expression in a feed-forward manner, inducing an additional influx
of leukocytes. This cascade may help drive development of ARDS,
systemic upregulation of pro-inflammatory markers and multiple
organ dysfunction syndrome, ultimately leading to death of the
most severely affected patients (Figure 1). Although clinical
observations and animal models of coronavirus infection have
detailed the temporal and spatial distribution of chemokines in
the infected lung, as we have reviewed, little has been done to
precisely determine their functional roles and mechanisms in
shaping outcome at the level of antiviral host defense and
immunopathology. This major gap in knowledge identifies an
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Figure 1 | Virulent CoVs cause ARDS by inducing a chemokine/cytokine storm in lungs. SARS-CoV, SARS-CoV-2 and MERS-CoV primarily infect type Il
pneumocytes in the alveoli. The first two viruses use ACE2 as their receptor, while MERS-CoV uses DPP4 to gain entry into cells. The viruses propagate and
subsequently infect other cell types including alveolar macrophages to induce chemokines, which mediate the infiltration of inflammatory macrophages, neutrophils and
T cells. Upon activation, these cells further the production of chemokines, that contribute towards pulmonary damage and the development of ARDS. Systemic
chemokine/cytokine storm may result in multiple organ dysfunction syndrome and fatality. Application of chemokine receptor antagonists and anti-inflammatory
molecules such as corticosteroids and BTK inhibitors may dampen the leukocyte infiltration in lungs, reducing the ensuing morbidity and mortality.

opportunity for new research, with the hope of identifying new
targets for therapeutic development. Fortunately, the chemokine
field has developed critical gene-targeted mice and pharmacologic
inhibitors that will allow these studies to progress systematically and
with urgency given the threat imposed by COVID-19.
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