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Innate immunity, cytokine storm,
and inflammatory cell death in COVID-19
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Abstract

The innate immune system serves as the first line of defense against invading pathogens; however, dysregulated
innate immune responses can induce aberrant inflammation that is detrimental to the host. Therefore, careful innate
immune regulation is critical during infections. The coronavirus disease 2019 (COVID-19) pandemic is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and has resulted in global morbidity and mortality

as well as socio-economic stresses. Innate immune sensing of SARS-CoV-2 by multiple host cell pattern recognition
receptors leads to the production of various pro-inflammatory cytokines and the induction of inflammatory cell
death. These processes can contribute to cytokine storm, tissue damage, and acute respiratory distress syndrome.
Here, we discuss the sensing of SARS-CoV-2 to induce innate immune activation and the contribution of this innate
immune signaling in the development and severity of COVID-19. In addition, we provide a conceptual framework for
innate immunity driving cytokine storm and organ damage in patients with severe COVID-19. A better understanding
of the molecular mechanisms regulated by innate immunity is needed for the development of targeted modalities

that can improve patient outcomes by mitigating severe disease.
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Introduction

In December 2019, a cluster of pneumonia cases with
unknown causes was first reported in Wuhan, China.
The first complete gene sequence from patient samples
was obtained in January 2020 and showed a novel beta
coronavirus as the causative agent for the cases [1]. While
initially reported as 2019-nCoV, the virus has now been
classified as severe acute respiratory syndrome corona-
virus (SARS-CoV)-2, and the resulting disease is named
coronavirus disease 2019 (COVID-19). In March 2020,
the World Health Organization (WHO) declared the
COVID-19 outbreak a global pandemic [2]. As of Octo-
ber 2022, COVID-19 had caused over 6.5 million deaths
from among 620 million confirmed cases [3]. COVID-
19 is associated with a myriad of clinical manifestations.
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Some patients remain asymptomatic, but most experi-
ence mild symptoms associated with respiratory tract
infections such as fever, headache, and cough. How-
ever, patients with severe COVID-19 can have systemic
inflammation and tissue damage as well as acute respira-
tory distress syndrome (ARDS), thromboembolism, neu-
rological manifestations, cardiac injury, cytokine storm,
and organ failure, which can be lethal (Table 1) [4, 5]. The
likelihood of developing severe COVID-19 depends on
viral factors, such as the specific variant of the virus, as
well as patient-specific factors like age, genetic polymor-
phisms, ethnicity, vaccination status, and comorbidities
(e.g., diabetes, hypertension, obesity, and other condi-
tions) [6].

Innate immunity is the first line of defense against
any invading pathogen, including SARS-CoV-2. A
broad range of innate immune cells, including mac-
rophages, neutrophils, dendritic cells, natural killer
(NK) cells, eosinophils, basophils, and innate lymphoid
cells (ILCs), are activated during SARS-CoV-2 infection
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Table 1 Clinical manifestations of COVID-19: Several tissues, organs, and body systems are affected in patients with COVID-19

Lungs Heart Liver Skin Kidney
Pneumonitis Hypotension Hepatomegaly Urticaria Hematuria
Pulmonary edema Arrythmias Increased AST, ALT, LDH Rash Proteinuria
Dyspnea Cardiomyopathy Elevated bilirubin Edema Acute kidney injury
Hypoxemia Ischemia Liver failure Vesicles Kidney failure
ARDS Cardiogenic shock

Nervous system

Gastro-intestinal system

Vascular lymphatic system

Rheumatologic system

Constitutional

symptoms
Confusion Nausea Anemia, cytopenia Vasculitis Fever
Delirium Vomiting Coagulopathy Arthritis Headache
Ataxia Diarrhea Hyperferritinemia Arthralgia Fatigue
Seizures Abdominal pain Increased CRP Anorexia
Anosmia Hemorrhage Hemorrhage
Stroke Endothelial damage

ALT alanine aminotransferase; ARDS; acute respiratory distress syndrome; AST aspartate aminotransferase; CRP C-reactive protein; LDH lactate dehydrogenase

and COVID-19 pathogenesis. Innate immune sensing of
SARS-CoV-2 is mediated by recognition of the viral path-
ogen-associated molecular patterns (PAMPs) by multiple
pattern recognition receptors (PRRs) leading to the pro-
duction of cytokines, including interferons (IFNs), and
chemokines. Host PRRs include membrane receptors,
such as the Toll-like receptors (TLRs) and C-type lectin
receptors (CLRs), as well as cytosolic receptors, such as
the NOD-like receptors (NLRs), absent in melanoma 2
(AIM2)-like receptors (ALRs), and retinoic acid-inducible
gene-1 (RIG-I)-like receptors (RLRs) [7]. Emerging stud-
ies have shown that during SARS-CoV-2 infection, these
receptors induce innate immune-mediated cytokine
production and cell death. For instance, SARS-CoV-2
directly stimulates infected epithelial cells and circulat-
ing myeloid cells to release several pro-inflammatory
cytokines [8, 9]. Although early inflammatory responses
are crucial to limit viral replication [10], coronaviruses
have evolved strategies to escape innate immune sensing
by avoiding PRR activation and by interfering with down-
stream IFN responses [11]. In contrast, critical cases of
COVID-19 are characterized by an excessive inflamma-
tory response both in the lungs and bloodstream [4, 5].
In these cases, the combination of cytokines, particu-
larly tumor necrosis factor (TNF) and interferon gamma
(IFN-y), triggers inflammatory cell death called PANop-
tosis and consequently results in cytokine storm [5, 12].
Overall, while early innate immune-mediated inflamma-
tory responses are critical for host defense against viral
infection, late inflammatory responses, if not controlled,
can lead to tissue damage and organ failure [13]. There-
fore, strategies to modulate innate immune activation
have strong therapeutic potential in COVID-19. Several
agents targeting innate immunity have been repurposed

for the treatment of COVID-19, but there have been
mixed responses to these therapeutics to date [14].

In this review, we discuss the contribution of multiple
PRRs in detecting SARS-CoV-2 to activate the innate
immune response and produce inflammatory cytokines.
We also highlight how innate immune sensing and acti-
vation can lead to pathology, including how TNF and
IFN-y-mediated PANoptosis can drive cytokine storm
and severity in COVID-19. Moreover, we discuss immu-
nomodulatory therapeutic strategies in COVID-19 and
how the timing of IFN therapy influences patient out-
comes. Continuing to improve our understanding of the
innate immune system and inflammatory cell death will
be critical to allow translation from molecular mecha-
nisms to therapeutic strategies for this pandemic as well
as future outbreaks.

Innate immune sensing and signaling in response
to SARS-CoV-2

SARS-CoV-2 infection is sensed by a variety of host
PRRs. The recognition of PAMPs or damage-associated
molecular patterns (DAMPs) by these PRRs induces
multiple inflammatory signaling pathways, including the
upregulation of innate immune genes, the induction of
innate immune-mediated cell death, and the production
of inflammatory cytokines and chemokines. While these
responses can be helpful in clearing the virus or infected
cells, activation of PRRs can also lead to pathogenic
inflammation and tissue damage.

TLR sensing and signaling in response to SARS-CoV-2
To date, 10 TLR family members, designated as TLR1-
10, have been identified in humans. TLR expression can
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be detected in the respiratory tract, though the level of
expression varies depending on the cell population. For
example, TLR4 is expressed abundantly in macrophages,
and TLR3 is more abundant in NK cells [15]. Down-
stream of TLR engagement by PAMPs and DAMPs,
TLRs mediate their signaling through adaptor molecules.
TLR3 exclusively signals via the adaptor protein Toll/
interleukin-1 (IL-1) receptor (TIR) domain-containing
adapter-inducing IFN-f (TRIF), while TLR4 signals
through either myeloid differentiation primary response
88 (MyD88) or TRIF, and the remaining TLRs use
MyD88 [16]. MyD88 signaling activates nuclear factor-xB
(NF-xB), mitogen-activated protein kinase (MAPK), and
IEN regulatory factor (IRF) signaling cascades for tran-
scriptional upregulation of several pro-inflammatory
cytokines, IFNs, and innate immune sensor genes, such
as NOD-like receptor protein 3 (NLRP3). TRIF signaling
is primarily involved in the production of IFNs to induce
antiviral functions [16].

In the context of SARS-CoV-2 infection, multiple TLRs
can sense diverse components of the infection, both in
the form of viral PAMPs and host DAMPS, to induce
innate immune activation (Fig. 1A). TLR1, TLR2, and
TLR6 bind viral proteins, and TLR2 can form heter-
odimers with TLR1 and TLR6. Polymorphism in TLRI
is associated with the development of ARDS in sepsis
[17], though its role in the development of COVID-19
requires further study. TLR2 senses the SARS-CoV-2
envelope (E) protein, and expression of TLR2 and its
adaptor MyD88 are associated with COVID-19 dis-
ease severity [18]. TLR2-deficient murine macrophages
or TLR2 inhibitor-treated human macrophages show
reduced activation of pro-inflammatory signaling path-
ways and reduced production of cytokines in response
to SARS-CoV-2 E protein [18]. The level of IL-6 in serum
is decreased in TIr27/~ mice compared with wildtype
mice when treated with the E protein [18], suggesting
inflammatory responses triggered by the viral E protein
depend on TLR2 signaling. Moreover, TLR2 inhibition
protects against SARS-CoV-2—induced lethality in K18-
human angiotensin-converting enzyme 2 (K18-hACE2)
transgenic mice [18], indicating that TLR2 contributes
to disease progression in COVID-19. Further, a single-
cell computational analysis identified TLR2 as a key
gene involved in exacerbating the hyperinflammatory
response seen in patients with severe COVID-19 [19].
Additionally, decreased IL-6 production was found in E
protein-stimulated human peripheral blood plasmacy-
toid dendritic cells (pDCs) where TLR2 had been deleted
when compared to pDCs with intact TLR2 [20]. Further
studies are required to establish the E protein as a ligand
for direct binding to TLR2. In contrast to the pathogenic
role of TLR2 in inducing excess inflammation, intranasal
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administration of INNA-051, a TLR2/TLR6 agonist,
reduces the level of viral RNA in nose and throat swabs
from SARS-CoV-2—infected ferrets [21], suggesting that
stimulation of TLR2 in specific tissues may be beneficial
in preventing the development of COVID-19 by reducing
SARS-CoV-2 transmission. However, the administration
of INNA-051 fails to induce inflammatory responses in
the ferrets, indicating that INNA-051 may exert antiviral
effects independent of TLR2 activation [21].

Roles for other TLRs in sensing SARS-CoV-2 have also
been postulated based on their critical roles in other
coronavirus infections. In the context of SARS-CoV, for
example, TLR3 signaling has a protective role [22-25].
Mice deficient in TLR3 show increased viral burden
and impaired pulmonary function upon infection with
mouse-adapted SARS-CoV (MA15) [25]. Consistently,
TLR3 activation by poly I:C, a synthetic dsRNA used
to mimic viral nucleic acids and model innate immune
responses, improves the survival of aged mice and
reduces pathological changes and viral loads in the lungs
following infection with MA15 [23]. Moreover, inhibition
of TLR3 leads to decreased production of inflammatory
cytokines and IFNs in SARS-CoV-2-infected Calu-3/
MRC-5 multicellular spheroids [26]. Similarly, admin-
istration of poly I:C improves survival in K18-hACE2
transgenic mice during SARS-CoV-2 infection by reduc-
ing viral load and inflammation in the lungs and brains
[27]. These findings suggest there may be a protective
effect of TLR3 signaling during COVID-19. Additionally,
reduced expression of TLR3 in peripheral blood has been
associated with worse outcomes in patients with severe
COVID-19 [28]. This is further supported by a study
which analyzed patients with severe COVID-19 and
showed a positive correlation between the severity of dis-
ease and TLR3 inborn errors [29]. However, a follow-up
study could not reproduce these results [30]. In addition,
a TLR3 (rs3775290) polymorphism has been associated
with an increased risk of pneumonia in patients with
COVID-19 [31]. Further studies are needed to define the
role of TLR3 in SARS-CoV-2 infection and the develop-
ment of COVID-19.

Potential roles for TLR4 and TLR7/8 have also been
suggested. In an in-silico study, TLR4 had the highest
affinity for S1 of the SARS-CoV-2 spike (S) protein [32],
which may be due to the interaction of TLR4 with oli-
gomannose and glycan structures found on the surface
of the S protein. Additionally, TLR4 polymorphisms are
associated with COVID-19 severity; the TLR4 minor
alleles 299Gly (G) and 399Ile (T) are associated with
increased likelihood of severe COVID-19 and the risk
of developing cytokine storm [33]. In murine models,
Tlr4~'~ macrophages from mice had reduced I/1b gene
expression compared to that of wildtype cells in response
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Fig. 1 Pattern recognition receptor signaling and potential innate immune-mediated pathogenesis during SARS-CoV-2 infection. A Toll-like
receptor (TLR) signaling: Different TLRs recognize diverse SARS-CoV-2 components. TLR2 and TLR4 recognize E protein and S protein, respectively;
TLR3, TLR7, and TLR8 sense viral RNA. TLR7 and TLR8 also recognize antiphospholipid antibodies (aPL). Sensing of SARS-CoV-2 components leads to
activation of innate immune signaling and production of pro-inflammatory cytokines, which can eliminate virus but also drive COVID-19 severity.
B Retinoic acid-inducible gene-l (RIG-I)-like receptor (RLR) and stimulator of IFN genes (STING) signaling: Melanoma differentiation-associated
protein 5 (MDA5) senses viral RNA. STING can be activated by STING agonists or mitochondrial DNA (mtDNA) released by damaged cells. Signaling
through MDAS5 and STING engages interferon (IFN) regulatory factor 3 (IRF3) activation for the production of IFNs. Early on, IFNs are important to
clear viruses. Delayed production of IFNs is pathogenic. C Inflammasome signaling: The nucleotide-binding oligomerization domain-like receptor
protein 3 (NLRP3) inflammasome is assembled following sensing of spike (S) and nucleocapsid (N) proteins, viral RNA, and open reading frame 3a
(ORF3a). This assembly leads to the production of interleukin (IL)-1(3, which has been reported to drive COVID-19 pathology. D Caspase-4 (CASP4)/
caspase-11 (CASP11) signaling: CASP4 and the murine homolog CASP11 sense oxidized phospholipids released from damaged cells and produce
pro-inflammatory cytokines, which can drive COVID-19 pathology. E C-type lectin receptor (CLR) signaling: S protein from SARS-CoV-2 is sensed
by CLRs such as dendritic cell specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), liver/lymph node-specific intercellular
adhesion molecule-3-grabbing non-integrin (L-SIGN), and liver sinusoidal endothelial cell lectin (LSECtin) to induce innate immune signaling and
the production of pro-inflammatory cytokines, which can be pathogenic in COVID-19

to S protein [34]. However, because S protein has an
affinity for lipopolysaccharide (LPS) [35], it is possible
that LPS contamination from the system used to express
and purify the recombinant S protein in these studies
contributed to the TLR4-dependent gene expression.
Therefore, whether TLR4 can directly sense S protein or
not requires further confirmation. In addition, TLR7/8
may also be involved in SARS-CoV-2 infection. TLR7/8
have long been studied for their role in antitumoral
immune responses due to their ability to provoke rapid
production of IFNs and cytokines [36]. A bioinformatic

analysis reported that a large number of single stranded
RNA (ssRNA) fragments are present in SARS-CoV-2,
even more so than in SARS-CoV [37]. These ssRNA frag-
ments can be recognized by endosomal TLR7/8 to gen-
erate antiviral immunity [38]. Furthermore, functional
TLR7 genetic variants have been linked to COVID-19
severity in multiple studies [31, 39, 40]. Specifically, a
TLR7 (rs179008) polymorphism has been associated with
increased risk of pneumonia in patients with COVID-19
[31], and deleterious TLR7 variants are associated with
more severe disease [39, 40]. Given that TLR7 is found on
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the X-chromosome, TLR7 may influence gender-based
differences in COVID-19 susceptibility and severity.
Males are nearly two times as likely to develop respira-
tory failure or die from COVID-19 as females are [41, 42].
TLR7/8 may also recognize antiphospholipid antibodies
(aPL) [43, 44], which have been shown to be upregulated
in patients with severe and critical COVID-19 [45, 46].
Furthermore, TLR7-deficient human peripheral blood
pDCs show decreased IFN production compared with
TLR7-sufficient pDCs following SARS-CoV-2 infec-
tion [20]. Additional investigations are needed to verify
the roles of these and other TLRs in response to SARS-
CoV-2 infection.

RLR sensing and signaling in response to SARS-CoV-2

In addition to sensing by TLRs, viral RNA can be
detected by RLRs such as melanoma differentiation-
associated protein 5 (MDADS5), retinoic acid-inducible
gene (RIG)-I, and laboratory of genetics and physiology
(LGP)-2 (Fig. 1B) [47, 48]. Sensing through RLRs leads to
their interaction with the adaptor protein mitochondrial
antiviral signaling (MAVS) to form a complex that acti-
vates IFN production via TNF receptor-associated factor
3 (TRAF3), TRAF-associated NF-kB (TANK)-binding
kinase 1 (TBK1), IxB kinase (IKK), and IRF3 signal-
ing [49, 50]. In addition, one study showed that RIG-I
is required for the induction of NF-«kB-sensitive genes,
interleukin (IL)-6, and TNF, while MDAS5 is not in Calu-3
cells during SARS-CoV-2 infection [51]. The earlier, more
pronounced antiviral response to SARS-CoV-2 infec-
tion seen in children compared to adults has been sug-
gested to be associated with higher basal expression of
MDAS5 and RIG-I in the epithelial cells of the upper air-
way as well as macrophages and dendritic cells in chil-
dren [52]. This could be a possible explanation for why
children have lower infection rates for SARS-CoV-2 and a
lower risk for disease progression compared with adults.
Screening of putative sensors involved in the sensing of
RNA virus infection has found that MDA5 and LGP2 pri-
marily regulate IFN induction in lung epithelial cells dur-
ing SARS-CoV-2 infection [47]. Silencing MDAS5, LGP2,
and MAVS in lung epithelial cells reduces the expres-
sion of IFN-B during SARS-CoV-2 infection in vitro [47,
48]. Similarly, gene silencing of MDAS5 in Calu-3 cells
decreases IFN-B production compared to controls dur-
ing infection with SARS-CoV-2 [51]. Abrogating SARS-
CoV-2 sensing via MDA5 and MAVS depletion also
reduces cell death, suggesting that cell death is mediated
by the host response rather than by direct virus-induced
damage [51]. In contrast, the role of RIG-I in sensing
SARS-CoV-2 is currently inconclusive. One study found
that silencing RIGI in Calu-3 cells abolishes the produc-
tion of IFN-B and other pro-inflammatory cytokines
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during infection with SARS-CoV-2 [51]. In addition,
SARS-CoV-2—infected RIG-I-deficient HEK-293 cells
fail to induce IFN-p mRNA expression (53). In contrast,
another study showed that silencing RIGI in Calu-3 cells
does not inhibit the induction of IFN-f in response to
SARS-CoV-2 infection [47]. RIG-I utilizes its helicase
domain to recognize the 3’ untranslated region of SARS-
CoV-2 genomic RNA, which differs from RIG-I’s canoni-
cal C-terminal domain sensing of viral RNA. This new
mode of RIG-I recognition fails to activate its ATPase; it
also does not activate the classical MAVS signaling path-
way. These signaling differences could potentially explain
the dispensable role of RIG-I in IFN- production dur-
ing SARS-CoV-2 infection [54]. Additional studies will be
required to fully understand the role of RIG-I in response
to SARS-CoV-2. However, it is known that SARS-CoV-2
encodes inhibitors of both RIG-I and MDAS5, suggest-
ing that RIG-I and MDAS5 likely possess some cell type-
specific functions. A better understanding of the roles
of RIG-I and MDA?S in different cell types will aid in the
development of more efficient COVID-19 therapeutics.

NLR and inflammasome sensing and signaling in response

to SARS-CoV-2

Several NLRs have been implicated in the production of
IFNs and inflammatory cytokines during SARS-CoV-2
infection. For instance, silencing of an intracellular sen-
sor of bacterial peptidoglycans, nucleotide-binding oli-
gomerization domain-containing protein 1 (NOD1; also
known as NLRC1), in Calu-3 cells during SARS-CoV-2
infection reduces the expression of IFN-p [47]. NLRC1
may mediate SARS-CoV-2 infection-induced NF-«xB
activation or directly bind viral RNA and regulate the
MDA5-MAVS complex formation to modulate IFN-
production [55]. Several reports have demonstrated
that NLRP3 is also involved in coronavirus infections
(Fig. 1C). NLRP3 is a canonical inflammasome sen-
sor, and it forms a multiprotein complex with the adap-
tor apoptosis-associated speck-like protein containing a
caspase activation and recruitment domain (ASC) and
caspase-1 in response to PAMP/DAMP sensing. Inflam-
masome formation results in the activation of caspase-1
to cleave its substrates, including the pro-inflammatory
cytokines IL-1B and IL-18 to produce their bioactive
forms. Caspase-1 also cleaves gasdermin D (GSDMD)
to release its N terminal fragment to form pores in the
membrane and induce cell death, pyroptosis [56]. The
SARS-CoV-2 N protein is thought to bind to GSDMD to
inhibit pyroptosis [57]. However, other studies have sug-
gested that NLRP3 inflammasome activation and pyrop-
tosis still occur during SARS-CoV-2 infections. NLRP3
deficiency inhibits caspase-1 and GSDMD activation
in a murine coronavirus infection model with mouse
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hepatitis virus (MHV) [58], indicating that coronavi-
ruses induce NLRP3 inflammasome assembly. Addition-
ally, microscopy of monocytes and lung tissue samples
from patients with COVID-19 show the formation of
NLRP3 and ASC puncta, suggesting the formation of
NLRP3 inflammasomes in these patients [59]. Moreover,
SARS-CoV-2—infected human primary monocytes show
NLRP3-dependent caspase-1 cleavage, GSDMD cleav-
age, and IL-1p maturation [59, 60]. NLRP3 is upregulated
and activated by multiple SARS-CoV-2 PAMPs, including
GU-rich RNAs, E, N, and open reading frame (ORF) 3a
proteins [18, 61-63]. In response to the SARS-CoV-2 S
protein, NLRP3 expression and IL-1p release are upregu-
lated in macrophages from patients with COVID-19 but
not in macrophages from healthy patients [64]. Addi-
tionally, SARS-CoV-2 N protein interacts directly with
NLRP3, thereby facilitating the binding of NLRP3 with
ASC [62]. N protein-mediated lung injury, inflammation,
and death in mice is reduced upon treatment with an
NLRP3 inflammasome inhibitor, MCC950, or a caspase-1
inhibitor, Ac-YVAD-cmk [62]. MCC950 treatment also
alleviates excessive lung inflammation and COVID-19-
like pathology in adeno-associated virus (AAV)-hACE2
transgenic mice, indicating that the NLRP3 inflamma-
some induces excessive inflammatory responses dur-
ing SARS-CoV-2 infection [65]. This detrimental effect
of NLRP3 during SARS-CoV-2 infection is further sup-
ported by the finding that the severe pathology induced
by SARS-CoV-2 in lung tissues is reduced in Nlrp3~'~
mice compared to wildtype mice [65]. Activation of the
NLRP3 inflammasome is also seen in peripheral blood
mononuclear cells (PBMCs) and tissues of postmortem
patients with COVID-19 upon autopsy [59]. Moreover,
higher levels of inflammasome-dependent products, such
as IL-18 and active caspase-1, are associated with dis-
ease severity and poor clinical outcome [59]. Collectively,
these data suggest that SARS-CoV-2 activates the NLRP3
inflammasome. Additionally, during SARS-CoV-2 infec-
tion, the expression of proteins involved in non-canoni-
cal NLRP3 inflammasome signaling, through caspase-11
and caspase-4, are upregulated in the lungs of mice and
humans, respectively. Deficiency of caspase-11, but not
GSDMD, an executioner of pyroptosis, reduces disease
severity in SARS-CoV-2—infected mice [66], suggesting
that caspase-11 (or caspase-4/5 in humans) may promote
disease severity in COVID-19 independently of pyrop-
tosis. Caspase-4/11 can be activated by oxidized phos-
pholipids that are produced in damaged tissues (Fig. 1D)
[67]. Thus, it is possible that this activation occurs dur-
ing SARS-CoV-2 infection. Oxidized phospholipids are
reportedly upregulated in patients with COVID-19 [68,
69], and outside the context of COVID-19, they induce
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cytokine release in a caspase-4/11-dependent manner
without requiring GSDMD-dependent cell death [67].

Beyond NLRP3, other inflammasomes have also been
implicated in SARS-CoV-2 infection. Colocalization of
the AIM2 inflammasome with ASC specks in monocytes
from patients with COVID-19 has been visualized using
confocal microscopy [70]. AIM2 activation by SARS-
CoV-2 is unexpected, although there is a report suggest-
ing AIM2 activation by RNA viruses occurs in rare cases
through an unclear mechanism [71]. AIM2 might sense
host mitochondrial DNA, as mitochondrial membranes
are damaged during cell death [72].

cGAS and STING sensing and signaling in response
to SARS-CoV-2
The presence of cytosolic DNA during infection acti-
vates the cyclic GMP-AMP synthase (cGAS) and stimu-
lator of IFN genes (STING) signaling pathway, which is
critical for limiting the replication of viruses (Fig. 1B)
[73-76]. Sensing of cytosolic DNA through ¢cGAS gen-
erates the production of cyclic GMP-AMP, which acts
as a second messenger to bind and activate STING [76].
Once activated, STING signals through TBK1 and IRF3
to regulate the transcription of innate immune genes,
including cytokines and IFNs [73, 75, 76]. Analysis of the
skin lesions of patients with COVID-19 shows a STING-
dependent type I IFN signature that is primarily medi-
ated by macrophages adjacent to areas of endothelial
cell damage [77]. Moreover, cGAS-STING activity has
been detected in lung samples from patients with severe
COVID-19. The finding that STING regulates IFN pro-
duction and endothelial cell death in response to mito-
chondrial DNA release correlates well with the studies
of endotheliopathy and vascular damage due to gain-of-
function mutations in STING [78] or after administra-
tion of highly potent STING agonists [79]. This possibly
explains the presence of vascular damage and coagu-
lopathy in patients with severe COVID-19. Moreover,
another study has shown that the cGAS-STING pathway
contributes to the production of NF-kB—dependent pro-
inflammatory cytokines in SARS-CoV-2—infected epi-
thelial cells [80]; however, cGAS-STING is not involved
in IFN production in these cells [80]. This non-canonical
function of the cGAS-STING pathway in epithelial cells
may dysregulate the pro-inflammatory response.
Treatment of K18-hACE?2 transgenic mice with a selec-
tive STING inhibitor before and throughout the course
of SARS-CoV-2 infection or as a therapeutic agent given
after the initiation of infection reduces inflammation
and improves survival [77]. In contrast, STING agonists
such as cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP) or diamidobenzimidazole
(diABZI) have also been shown to limit SARS-CoV-2
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infection in mouse models when given prophylactically
or early in infection [81-83]. Endotracheal administra-
tion of STING agonists in mice triggers a lung inflam-
matory response and cell death [84]. Together, these
data suggest that early STING activation to induce IFN
production may be beneficial, while later in infection,
pro-inflammatory cytokines produced by epithelial cells,
endothelial cells, and macrophages via the cGAS-STING
pathway provoke pathological effects.

CLR sensing and signaling in response to SARS-CoV-2

CLRs tailor their immune responses to pathogens by
carbohydrate-based PAMP sensing (Fig. 1E) [85]. CLRs
can have diverse functions in innate immune activa-
tion, ranging from the modulation of other PRR signal-
ing pathways and phagocytosis for antigen presentation
to the induction of inflammatory cytokine production
[86]. An ectopic expression screen focused on myeloid
cell receptors showed that several CLRs such as dendritic
cell specific intercellular adhesion molecule-3-grabbing
non-integrin (DC-SIGN), liver/lymph node-specific
intercellular adhesion molecule-3-grabbing non-integrin
(L-SIGN), liver sinusoidal endothelial cell lectin (LSEC-
tin), asialoglycoprotein receptor (ASGR1), and c-type
lectin domain family 10 member A (CLEC10A) are gly-
can-dependent binding partners of the SARS-CoV-2 S
protein [87]. These receptors do not support active viral
replication, but they can play a role in disease severity by
contributing to robust inflammatory responses in mye-
loid cells [87]. Additionally, multiple studies show that
LSECtin and DC-SIGN can serve as receptors for the S
glycoprotein of SARS-CoV-2 [88, 89]. Anti-S nanobody
treatment not only blocks ACE2-mediated infection
but also inhibits myeloid receptor-mediated proinflam-
matory responses; this is likely because the S protein is
recognized by both CLRs and ACE2 [87]. In addition,
PM26, a glycomimetic antagonist of DC-SIGN, inhibits
the interaction of the S protein with the lectin receptor
and blocks DC-SIGN-mediated SARS-CoV-2 trans-
infection of Vero E6 cells [88]. In addition to their roles
in sensing to activate innate immune signaling, CLRs,
especially DC-SIGN and L-SIGN, assist in the entry of
viruses such as human immunodeficiency virus (HIV),
cytomegalovirus, dengue, Ebola, and Zika virus into host
cells [90-93]. SARS-CoV-2 S protein binds with CLRs in
a calcium-dependent manner to facilitate the internaliza-
tion of the virus [94]. Single cell RNA sequencing analy-
ses indicate that CLRs are highly expressed in the innate
immune cells of patients with severe COVID-19 [87, 94],
and a proteomic profiling study indicates that DC-SIGN
is a mediator of genetic risk in COVID-19 [95]. Overall,
the biological relevance of the interaction of CLRs with
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SARS-CoV-2, especially in the context of innate immune
activation, remains understudied.

Cell death in COVID-19 pathogenesis

One of the key outcomes of innate immune sensing is cell
death to clear infected or damaged cells. SARS-CoV-2
infection and the resulting cytokine production sensitize
multiple cell types, including epithelial, endothelial, and
immune cells, to cell death through diverse mechanisms
[96]. SARS-CoV-2 infection can induce cell-cell fusion
and syncytia formation in the lungs and other tissues of
infected patients [97-99], as well as in in vitro culture
systems [100-102]. The multinucleate syncytia formed
by SARS-CoV-2 infection can internalize lymphocytes
to form typical cell-in-cell structures, leading to the
death of internalized cells [103]. Additionally, the differ-
ent components of SARS-CoV-2 have been reported to
induce various forms of cell death. The SARS-CoV-2 S
protein induces syncytia formation in ACE2-expressing
cells, and the resulting cell death has been character-
ized as GSDME-dependent pyroptosis [102]. Infected
pneumocytes also undergo pyroptosis to release multiple
DAMPs and cytokines [104]. In addition, cells expressing
SARS-CoV-2 ORF3a show more cleavage of caspase-9
and caspase-3 than control cells, suggesting that SARS-
CoV-2 ORF3a induces apoptosis [105]. Moreover, several
reports have indicated SARS-CoV-2-mediated activa-
tion of necroptosis in multiple cell types, such as mac-
rophages and epithelial cells [13, 106].

Due to the presence of multiple PAMPs in SARS-
CoV-2 that can be sensed by the cell to activate signaling,
multiple cell death molecules can be involved in creating
redundancy in the induction of cell death. Indeed, analy-
sis of postmortem lung sections of deceased patients with
COVID-19 identified the presence of molecules associ-
ated with pyroptosis, apoptosis, and necroptosis [106,
107]. These findings suggest that SARS-CoV-2 infection
induces PANoptosis, a unique innate immune inflam-
matory cell death pathway regulated by PANoptosomes,
complexes that integrate molecules from other cell death
pathways. The totality of biological effects in PANop-
tosis cannot be individually accounted for by pyropto-
sis, apoptosis, or necroptosis alone [12, 13, 108-114,
115, 116]. To date, two prototypical PANoptosomes
have been biochemically identified: the Z-DNA binding
domain protein 1 (ZBP1)-PANoptosome [113, 117], and
the AIM2-PANoptosome [118]. These PANoptosomes
have different sensors but share many core cell death
proteins which have been implicated in SARS-CoV-2
infection and COVID-19 [106, 107]. These molecular
connections will be discussed in depth in subsequent
sections.
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IFN signaling in COVID-19 pathogenesis

In addition to cell death, IFN production is another key
outcome of innate immune activation and is an integral
component of antiviral responses. There are three IFN
families: type I, type II, and type III IFNs. Type I IFN
responses are predominantly mediated by IFN-a and
IFN-f in a variety of immune cells. The type II IFN family
consists of IFN-y, which is predominantly produced by T
and NK cells. The type III IEN responses are induced by
IEN-AX early on in viral infections, and this suppresses ini-
tial viral dissemination without instigating inflammation
[119]. All three IFN families can modulate the immune
system and induce an antiviral state in cells.

In the context of COVID-19, there is a paradox regard-
ing IEN responses. Patients with COVID-19 have been
reported to show both elevated and reduced levels of
IFNs, and severe or critical COVID-19 cases are charac-
terized by aberrant IFN responses [120—122]. Further-
more, polymorphisms in IFN-associated genes, including
IFNAR2, OASI, and TYK2, are associated with critical
cases of COVID-19 [123, 124]. Two major underlying
factors have been associated with this vulnerability. First,
some patients produce autoantibodies against type I IFNs
(most prominently to IFNa2 and IFNw) [125-127], and
this production increases with age [128, 129]. Second,
some patients have genetic ‘inborn errors of immunity’
[29] or loss-of-function mutations in critical genes. These
mutations can occur in genes associated with viral RNA
sensing and the initiation of IFN production, such as
TLRs [29, 31, 33, 39, 40], or in other more downstream
genes in the IFN production and signaling pathway, such
as TBK1, IRF7, and IFNAR1 [123, 124]. These human
genetic and immunological determinants have been sug-
gested to account for up to 20% of all COVID-19 deaths
[129].

The reduction in type I and III IFNs observed in the
serum of patients with mild and moderate COVID-19
[120] could possibly be due to the ability of SARS-CoV-2
to evade the immune system. Indeed, SARS-CoV-2 infec-
tion limits type I and III IFN production by preventing
the release of mRNA from its transcription site and/
or triggering its nuclear degradation [130]. Moreover,
several proteins from SARS-CoV-2 are known to dis-
rupt RLR and TLR sensing pathways for IFN production
(Fig. 2). For example, ISGylation of the caspase activation
and recruitment domain (CARD) of MDAS5 is crucial for
its activation following infection by an RNA virus, but
ISG15-mediated ISGylation of MDAS5 can be suppressed
by the SARS-CoV-2 papain-like protease [131]. Addi-
tionally, SARS-CoV-2 ORF9b, N, and M proteins inhibit
IEN-B expression by interfering with RIG-I and MDA5
pathways [132-134]. ORF9b also blocks the TLR3-TRIF
pathway [135]. Nearly all the SARS-CoV-2 proteins have
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been suggested to block IFN production and signaling
at various points in the IFN pathway, and this has been
extensively characterized [136]. Aside from blocking TLR
and RLR signaling specifically, ORF6 prevents nuclear
localization of the transcription factor signal transducer
and activator of transcription 1 (STAT1), which is needed
for IFN production [137]. On a whole-cell level, SARS-
CoV-2 nonstructural protein (NSP)1 and NSP14 inhibit
translation, preventing the expression of components in
the IFN signaling pathway [138-140].

To overcome these viral evasion strategies, IFN ther-
apy has been suggested as a potential COVID-19 treat-
ment. Preclinical studies have shown that treatment with
exogenous type I IEN or STING or RIG-I agonists, which
induce IFN production, can lower the viral load if given
prophylactically [81-83, 141]; however, this effect on viral
load is limited once infection is established [142]. Addi-
tionally, the outcomes of IFN-based therapy have been
inconsistent in patients with COVID-19 [143]. Although
administration of IFN-a2b in the first five days of hospi-
talization is associated with reduced mortality, delayed
IFN-a2b treatment results in extended hospital stays and
slows recovery compared to patients receiving IFN ear-
lier in the course of disease [144]. Furthermore, while
Peginterferon lambda 1a, a pegylated recombinant IFN-
Ala, reduces SARS-CoV-2 replication in mice [145], it is
ineffective in resolving symptoms and other clinical met-
rics in patients with mild disease [146]. The WHO Soli-
darity Trial Consortium clinical trial also found that type
I IEN treatment is not beneficial in treating SARS-CoV-2
infection [147]. Studies in influenza infections have
shown that type I and type III IFNs inhibit lung epithelial
repair [148], and it is possible similar effects also occur in
patients with COVID-19. Additionally, mechanistic pre-
clinical studies have suggested that the lack of efficacy for
type I IEN therapy is due to IFN-mediated inflammatory
responses, cytokine storm, and inflammatory cell death,
PANoptosis, that occur in a ZBP1-dependent manner
during coronavirus infections (Fig. 2) [13]. IFNs not only
induce the expression of ISGs to block viral replication,
but they also upregulate cell death mediators such as
ZBP1 (Fig. 2), an innate immune sensor known to acti-
vate PANoptosis [13, 114-118, 149]. The administration
of type I IFN promotes lethality associated with inflam-
mation and PANoptosis in the lungs of mice infected
with MHYV, while this is prevented in Zbp1~'~ mice [13].
Similarly, treatment with type I or type II IFNs in human
or murine macrophages potentiates PANoptosis dur-
ing infection with SARS-CoV-2 or MHYV, respectively,
in a ZBP1-dependent manner [13]. Patients who suc-
cumb to COVID-19 infection have higher expression of
ZBPI in their immune cells compared to non-hospital-
ized patients with stable COVID-19, further suggesting



v
K> IFN-

Nucleus

%> IFN-B

IRF3 IRF3 ) Nucleus

Delayed and reduced
immune response

|
Cytokine storm, organ damage and lethality |—|—

|
|
|
|
|
|
PANoptosis { }
|
|
|
|
|
|

Karki and Kanneganti Journal of Translational Medicine (2022) 20:542 Page 9 of 18
IFN-B8 +
No IFN treatment IFN-B therapy ZBP1 inhibition
r————————————— 1 Y220 \
: SARS-CoV-2 I : SARS-CoV-2 IFI(\I)—B |
| | |
| 0 v |
| | IFNAR |
| + l v 1 |
| Viral RNA | | Viral RNA |
| W | | W _ > ZBP1 ISGF3 |
| | e ) |
| i ) ' |
: MDAS5 | : MDAS5 : Zbp1 :
| Vll'a| | | Vlral L 5 /SGs |
| protelns | | \IGU(&JWUD protelns |
| AVS | | MAVS |
|
| | A |
| Anti-viral ¢
: ¢ - : : = responses
TBK1 TBK1 | y
: protens] | : proeme PANoptosome
| v :I v
| Viral | | Viral
| proteins | | : proteins
|
| | il
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| \

Fig. 2 Interferon (IFN) therapy foIIovvmg SARS-CoV-2 infection induces cytokine storm, organ damage, and lethality. SARS-CoV-2 has evolved to
evade innate immune sensing mechanisms. Several components from SARS-CoV-2 inhibit type | IFN production by interfering with molecules
involved in IFN production such as melanoma differentiation-associated protein 5 (MDAS5), mitochondrial antiviral signaling (MAVS), tumor necrosis
factor receptor-associated factor (TRAF)-associated NF-kB (TANK)-binding kinase 1 (TBK1), and IFN regulatory factor 3 (IRF3). To overcome this,

IFN therapy has been suggested to treat patients with COVID-19. However, IFNs induce multiple IFN stimulated genes (ISGs), which can have

both anti-viral as well as pro-death functions. Z-DNA binding protein 1 (ZBP1) is one such molecule which senses viral RNA to assemble the
ZBP1-PANoptosome, thereby executing PANoptosis to drive cytokine storm, organ damage, and even lethality. This can impact the efficacy of IFN
therapy in COVID-19. Strategies to inhibit ZBP1 could improve the efficacy of IFN therapy in patients with COVID-19

that there may be a pathological role for ZBP1 in driving
COVID-19 severity during IFN therapy [13].

Altogether, the data suggest that IFN-based therapy
may improve clinical outcomes in some patients if given
early in the course of disease. Therefore, timing and dura-
tion are critical parameters of endogenous IFN responses
and should be considered carefully for therapeutic strate-
gies against viral infections. Understanding the molecular
mechanisms associated with IFN signaling is essential to
improve the potential efficacy of IFN therapy in patients
with COVID-19.

TNF and IFN-y signaling, PANoptosis, and cytokine
storm in COVID-19 pathogenesis

In addition to the critical roles of IFNs in responding to
SARS-CoV-2 infection, other cytokines released because
of innate immune activation have also been implicated.
Recent studies have demonstrated a positive feed-
back loop whereby cytokine release causes PANoptosis

to facilitate more cytokine release, spiraling toward a
life-threatening cytokine storm that damages host tis-
sues and organs (Fig. 3) [5, 12]. TNF and IFN-y are sug-
gested to be central to the induction of cytokine storm
and pathogenicity. Levels of these cytokines are elevated
in the serum of patients with severe COVID-19 [4, 121,
150]. In macrophages, TNF and IFN-y signal coopera-
tively to induce PANoptosis [12]. The co-administration
of TNF and IFN-y in mice causes lethal shock [12, 151],
with physiological symptoms that are consistent with
those seen in patients with severe COVID-19, including
multiorgan damage and dysfunction. Excessive cytokine
signaling and cell death are likely drivers of these symp-
toms. For instance, structural damage to cell membranes
contributes to vascular leakage and the development
of a pro-coagulative endothelium, which initiates and
propagates ARDS and lung damage in cytokine storm
syndromes, including COVID-19 [152]. Vascular leak-
age or damage is also associated with an unprecedented
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Fig. 3 Cytokine storm: Molecular mechanism and potential therapeutics in COVID-19. Lung infection by SARS-CoV-2 leads to production of several
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Based on the molecular mechanisms engaged by TNF and IFN-y for the activation of PANoptosis, several drugs can potentially be repurposed for
COVID-19 treatment

group of hyper-inflammatory shock syndromes observed
in children exposed to COVID-19, referred to as mul-
tisystem inflammatory syndrome in children (MIS-C)
[153, 154]. Vascular leakage could be caused by endothe-
lial cell damage as a result of the upregulated cytokines,
particularly by the synergism of TNF and IFN-y. In addi-
tion, pro-inflammatory cytokines have been shown to
damage endothelial cell-associated anticoagulant path-
ways [155]. Another hallmark of TNF and IFN-y—shock
or COVID-19 is lymphopenia and immunosuppression

[156]. Postmortem examination of spleens and lymph
nodes from patients with COVID-19 has identified
a lack of germinal centers [157], possibly due to cell
death of lymphocytes driven by TNF and IFN-y. Indeed,
severe COVID-19 cases have been reported to have high
amounts of TNF in the germinal centers, thereby limit-
ing appropriate immune responses [157]. Increased
serum alanine transaminase (ALT) and aspartate ami-
notransferase (AST) observed in patients with COVID-
19 could also be due to the action of TNF and IFN-y in
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hepatocytes. Indeed, mice deficient in TNF and IFN-y
have reduced ALT and AST in response to Hepatitis B
virus surface antigen, suggesting that TNF and IFN-y
together can trigger liver injury [158].

Molecularly, synergism of TNF and IFN-y engages the
janus kinase (JAK)-STAT1 axis to induce IRF1 expres-
sion and nitric oxide (NO) production, which activates
PANoptosis (Fig. 3) [12], underscoring the importance
of these molecules in the pathology of COVID-19 and
other cytokine storm syndromes. Indeed, higher levels
of IRF1 and inducible nitric oxide synthase (iNOS) in
patients with COVID-19 are associated with severe dis-
ease and poor clinical outcomes [12]. Moreover, a sin-
gle cell transcriptional study performed in PBMCs from
patients with COVID-19 suggests that IFN-a and IFN-y
function in T cells and DCs to promote disease severity
through activating STAT1 [159]. Furthermore, deletion
of nitric oxide synthase 2 (Nos2) or Casp8, another key
molecule in PANoptosis, reduces SARS-CoV-2 infection-
driven weight loss without impacting peak viral burdens
in mice, suggesting there may be a pathogenic role for the
iNOS-caspase-8 axis in COVID-19 [160]. Consistently,
Casp8~'~Ripk3~'~ mice, but not Ripk3~'~ mice, are resist-
ant to the lethality induced by TNF and IFN-y shock,
extending the regulatory role of caspase-8 in cytokine
storm-associated diseases [12]. Moreover, a computa-
tional strategy integrating over 300,000 single-cell tran-
scriptomes found that increased levels of ‘inflammatory
macrophages’ are associated with an inflammatory state
and disease severity in patients with COVID-19 as well
as in those with autoimmune diseases like rheumatoid
arthritis, and inflammatory diseases like Crohn’s disease
and ulcerative colitis [161]. The overall transcriptome
program of patient-derived ‘inflammatory macrophages’
closely aligns with that of macrophages stimulated by the
combination of TNF and IFN-y, and these cells are dis-
tinguished by high levels of STATI, IFNGRI, IFNGR2,
NFKBI, IL1B, and other molecules [161]. Together, these
results support the role of TNF and IFN-y synergism in
driving COVID-19 disease progression in cytokine storm
syndromes.

Key clinical examples of SARS-CoV-2
immunopathology

The pathogenesis of SARS-CoV-2—-induced pneumonia
has been suggested to occur through both virus-medi-
ated tissue damage and inflammation-mediated dam-
age [162]. Inflammation-mediated damage occurs when
effector immune cells are recruited and cause local and
systemic inflammatory responses that may even persist
after the virus is cleared. Autopsies of deceased patients
with COVID-19 have identified substantial accumula-
tion of activated immune cells in response to a small viral
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load [163, 164], indicating that tissue damage and organ
failure may be caused by an overactivated immune sys-
tem instead of virus-mediated tissue damage. When viral
clearance is delayed due to viral immune evasion or a
weak activation of the innate immune system, the lev-
els of circulating immature myeloid cells can increase,
producing an abundance of inflammatory mediators
to increase vascular permeability and organ damage
[163, 164]. Compromised lung function in patients with
COVID-19 is associated with excess vascular perme-
ability which can cause microthrombi to form [165] in
addition to a range of systemic symptoms. By contrast,
tissue resident myeloid cells in lungs are depleted in
patients with severe COVID-19 [166, 167] possibly due
to excessive cell death either as a result of the virus or
from excess inflammation. The pathogenesis of extrapul-
monary manifestations such as olfactory dysfunction
[168], gastrointestinal symptoms [169], and cardiac and
renal dysfunction [165] can be caused by multiple events
including direct viral injury, cytokine-mediated dam-
age, auto-antibody induced tissue damage, or vascular
damage. Hypercoagulation, endothelial damage, and
thromboembolism are common in patients with severe
COVID-19 [169], and may come from direct viral dam-
age to the vasculature or severe inflammatory responses.
The altered vascular endothelial homeostasis induces
the activation of monocytes, platelets, and macrophages
thereby promoting the release of factor VIII, von Wille-
brand factor, and tissue factor, which leads to the produc-
tion of thrombin and fibrin clot formation [165, 170].

Immune-directed therapy for COVID-19

Vaccination has served as the major strategy to attempt
to bring an end to the COVID-19 pandemic, and a vari-
ety of SARS-CoV-2 S protein-targeting vaccines have
been produced, including those which utilize lipid nan-
oparticle-encapsulated mRNA, inactivated virions, or
viral-vectors. These vaccines have reduced infection
rates, hospitalizations, and deaths. However, mutations
in evolving variants including B.1.351 (Beta), B.1.1.28
(Gamma), B.1.617.2 (Delta), and B.1.1.529 (Omicron)
facilitate immune-escape by rendering the viruses less
susceptible to immunity from either vaccines or from
previous infections, as these variants carry mutations that
reduce the affinity of antibody binding [171]. Although
the variants such as B.1.1.7 (Alpha) and B.1.617.2
(Delta) are known to spread more efficiently than oth-
ers, the association of these variants with the severity of
COVID-19 is less apparent, and whether they also alter
innate immune detection remains to be fully character-
ized. Therefore, as new variants emerge, it is important to
continue working to understand their ability to immune-
escape and induce immune responses.
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In addition to vaccination, agents such as antivirals and
immunomodulators have been investigated, and some are
approved by the FDA for the treatment of patients with
COVID-19. For example, the viral polymerase inhibitor
remdesivir received FDA approval for use in hospital-
ized patients. Moreover, the FDA has issued emergency
use authorization (EUA) for antiviral drugs such as mol-
nupiravir and ritonavir-boosted nirmatrelvir (Paxlovid),
immunomodulators such as baricitinib (JAK inhibi-
tor) and anakinra (IL-1 receptor antagonist), and mono-
clonal antibodies such as tocilizumab (an IL-6 receptor
monoclonal antibody) [172]. However, many of these
drugs have limited therapeutic efficacy, leaving many
cases of severe disease without effective treatments.

To manage patients with severe COVID-19, many clini-
cal therapies have been repurposed. As discussed above,
administration of IFN has also been considered as a
therapeutic strategy, with mixed results [143—-146], and
preclinical studies have suggested potential benefits from
treatment with STING or RIG-I agonists to induce IFN
production [81-83, 141], though STING inhibitors have
also shown promise [77]. There are likely timing-depend-
ent effects for these treatments. In addition, immu-
nomodulatory agents have been studied for their efficacy
against COVID-19. Corticosteroids, such as dexametha-
sone, work by suppressing a broad range of immune
responses, including inflammation. However, clinical
trials found that dexamethasone only reduces mortal-
ity in a subset of patients with COVID-19, specifically
hospitalized patients requiring mechanical ventilation
or supplemental oxygen [173]. Additionally, corticos-
teroids inhibit immune responses systemically, leading
to an increased risk of secondary infections. Therefore,
a targeted approach to modulate specific aspects of the
immune response may be a more suitable option. Since
elevated IL-6 levels are associated with COVID-19 sever-
ity [121, 150], blocking IL-6 signaling has been proposed
for treating patients with COVID-19. However, blocking
IL-6 signaling has shown varied responses. Tocilizumab,
an anti-IL-6 receptor-blocking antibody, has received
EUA from the FDA after showing efficacy in hospital-
ized patients requiring supplemental oxygen [174]. How-
ever, phase 3 COVACTA and REMDACTA (tocilizumab)
and Kevzara and SARTRE (sarilumab) trials show that
anti—IL-6 therapies fail to improve clinical outcomes or
reduce mortality [175-178]. Since the inflammasome-
dependent cytokine IL-1P is also elevated in patients
with COVID-19 [179, 180], drugs that block IL-1 sign-
aling can potentially interrupt inflammatory responses
and have been tested. The anti—IL-1p antibody, canaki-
numab, has improved clinical symptoms in hospitalized
patients with COVID-19 in some studies [181], but was
not found to improve survival when compared to control
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groups [182]. In contrast, patients who received anakinra,
an IL-1 receptor antagonist, have shown reduced inflam-
matory markers [183] and mortality [184, 185], leading
to anakinra receiving EUA for the treatment of hospital-
ized patients on supplemental oxygen. Upstream of IL-1
production, inhibition of the NLRP3 inflammasome has
also been considered as a potential immunomodulatory
strategy. The NLRP3 inhibitors MCC950 and glyburide
reduce release of IL-1p and IL-6, respectively, in SARS-
CoV-2—infected human monocytes, suggesting they
have potential therapeutic efficacy. A small, randomized
trial of patients with COVID-19 demonstrated the abil-
ity of colchicine, which indirectly inhibits the NLRP3
inflammasome, to reduce the requirement of oxygen
[186], though current NIH guidelines do not recom-
mend colchicine for the treatment of COVID-19 [187].
In addition, both TNF and IFN-y are elevated in patients
with COVID-19, and preclinical studies have suggested
combined inhibition of TNF and IFN-y signaling can
decrease the effects of cytokine storm driven by PANop-
tosis (Fig. 3) [5, 12, 160]. Case studies have suggested that
patients on anti-TNF therapy for rheumatic diseases tend
to have lower hospitalization rates from COVID-19 [188],
suggesting a prophylactic effect of anti-TNF therapy in
the disease pathogenesis. Furthermore, the JAK-STAT
signaling pathway that induces PANoptosis in response
to TNF and IFN-y can be targeted to suppress inflamma-
tion and improve clinical symptoms (Fig. 3) [12]. Indeed,
baricitinib, a JAK1-JAK2 inhibitor, received EUA for the
treatment of COVID-19 in combination with remdesivir
based on its efficacy in reducing recovery time in hospi-
talized patients [189].

Overall, there are conflicting findings and mixed
responses regarding the use of immune-directed therapy
for COVID-19. Therefore, expanded approaches, such as
targeting multiple cytokines concurrently, with or with-
out antiviral treatments or antibodies, should continue
to be evaluated. Additionally, the stage of disease devel-
opment should also be considered when postulating
immunomodulatory therapies. Blocking inflammatory
signaling in specific phases of disease development may
be beneficial, while this approach may be detrimental at
other times.

Summary and future directions

SARS-CoV-2 and COVID-19 continue to cause an
unprecedented global social, economic, and public health
burden despite the many advances in our understand-
ing of the basic and translational science underlying the
infection. Continued efforts to elucidate the cellular and
molecular basis of SARS-CoV-2 infection and the associ-
ated immunopathology that leads to the development of
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COVID-19 are needed to advance treatment strategies
and prevention.

Although we are now starting to understand the role
of innate immunity, PANoptosis, and cytokine storm as
they relate to COVID-19 pathogenesis, several questions
remain. For instance, why are innate immune pathways
dysregulated in some individuals but not in others dur-
ing SARS-CoV-2 infection? The magnitude and duration
of immune responses may vary between individuals due
to inherent genetic or immunological traits. Considering
the importance of innate immune signaling in providing
protection against SARS-CoV-2 infection, genetic het-
erogeneity (polymorphisms) in the molecules involved in
innate immunity may explain why some patients infected
with SARS-CoV-2 are pauci-symptomatic and others
develop severe disease. Moreover, age, gender, hormones,
and underlying diseases and comorbidities significantly
affect COVID-19 outcomes. Therefore, we will likely
gain insight into spatiotemporal patterns of immune
responses associated with each patient’s prognosis or
clinical outcome by performing rigorous genetic testing
and immunological phenotyping of those who contract
the virus but do not develop severe clinical symptoms.
Additionally, dynamic and longitudinal monitoring of
innate immune responses in patients with COVID-19
could provide further clarity. Some patients who recover
from COVID-19 experience long-term health effects for
four or more weeks, which is often referred to as Long
Covid syndrome or post-acute sequelae of SARS-CoV-2
infection (PASC) [190]. For some, continuous symptoms
last for weeks, while others have a recurrence of symp-
toms, and some develop completely new symptoms.
The immunobiology of PASC remains under investiga-
tion. However, leading hypotheses include (i) chronic
inflammation mediated by persistent virus or viral RNA
and antigens in the tissues, (ii) production of autoanti-
bodies, (iii) microbial dysbiosis, and (iv) defects in tis-
sue repair [191]. Moreover, dysregulated innate immune
stimulation is associated with PASC [190]. Further work
on PASC is needed to better understand the underlying
molecular mechanisms to determine effective treatment
strategies.

SARS-CoV-2 continuously evolves through muta-
tions in the genetic code during replication. The WHO
defines a SARS-CoV-2 variant of concern as one that is
more likely to cause infections even in those who are
vaccinated or in those who were previously infected.
The pathology caused by SARS-CoV-2 variants depends
on the infectivity and transmissibility of the variants,
and prediction of SARS-CoV-2’s molecular evolution
is extremely challenging. Therefore, to counter these
infections, strategies that target host pathways rather
than viral proteins may be advantageous. Therapies
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that have shown preclinical promise, such as targeting
cytokines and cytokine receptors, are entering clinical
trials. In addition, targeting PANoptosis and the host
cell death machinery to suppress cytokine storm can
be considered for mitigating severe COVID-19. Since
PANoptosis mediated by ZBP1 impedes the therapeu-
tic efficacy of IFN treatment [13], molecules that target
ZBP1 activation could also be designed. Molecularly,
ADAR1 has been shown to suppress ZBP1-mediated
PANoptosis [109], but the role of ADAR1 in COVID-
19 remains unknown. Understanding these functional
relationships in the context of SARS-CoV-2 infection
and COVID-19 will be critical for identifying new ther-
apeutic strategies.

In addition to identifying innate immune pathways and
molecular targets to counteract inflammatory pathology
in COVID-19, identifying the clinically appropriate time
to intervene is also critical. In the early stage of infection,
inflammatory responses are crucial to clear pathogens,
and intervening too early may interfere with the develop-
ment of effective immunity. However, late interventions
may not control the overt inflammatory responses, lead-
ing to dangerous consequences. Determining the optimal
timing of treatment is further complicated because most
patients only present at the hospital when they develop
severe clinical symptoms. Therefore, proper patient
stratification and timing of treatment are important to
consider at presentation to determine whether target-
ing innate immunity and inflammatory cell death may be
beneficial.

Furthermore, with the molecular redundancies
encoded within the key molecules of the innate immune
system, it is also possible that pharmaceutical thera-
pies that target single pathways may not be effective at
dampening inflammation and pathology. The specific
mechanisms underlying how cells detect viruses and
how cell death is executed may also be tissue- and cell-
specific. Though many studies have shown that a core
set of cytokines are associated with severe COVID-19,
there is still much to learn about the cellular mecha-
nisms influencing their release. More controlled clinical
and pre-clinical studies are needed to understand overall
molecular mechanisms of COVID-19 pathogenesis and
to identify therapeutic targets.
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