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Evasion of interferon-mediated
immune response
by arteriviruses

Zhijie Jian1†, Rui Ma1†, Ling Zhu1,2, Huidan Deng1, Fengqin Li1,3,
Jun Zhao1,2, Lishuang Deng1, Siyuan Lai1, Xiangang Sun1,
Huaqiao Tang1 and Zhiwen Xu1,2*

1College of Veterinary Medicine, Sichuan Agricultural University, Cheng Du, China, 2Key Laboratory
of Animal Disease and Human Health of Sichuan Province, Sichuan Agricultural University, Cheng
Du, China, 3College of Animal Science, Xichang University, Xichang, China
IFN is the most potent antiviral cytokine required for the innate and adaptive

immune responses, and its expression can help the host defend against viral

infection. Arteriviruses have evolved strategies to antagonize the host cell’s

innate immune responses, interfering with IFN expression by interfering with

RIG, blocking PRR, obstructing IRF-3/7, NF-kB, and degrading STAT1 signaling

pathways, thereby assisting viral immune evasion. Arteriviruses infect immune

cells and may result in persistence in infected hosts. In this article, we reviewed

the strategies used by Arteriviruses to antagonize IFN production and thwart

IFN-activated antiviral signaling, mainly including structural and nonstructural

proteins of Arteriviruses encoding IFN antagonists directly or indirectly to

disrupt innate immunity. This review will certainly provide a better insight into

the pathogenesis of the arthritis virus and provide a theoretical basis for

developing more efficient vaccines.

KEYWORDS

arteriviruses, interferon (IFN), viral proteins, innate immunity, immune evasion
Introduction

The mammalian immune system can effectively detect and fight against viral

infections by inducing the production of type I interferon, which forms the first line of

defense. The type I interferon response consists of two parts. The first part is triggered by

viral stimulation when cells produce type I interferon and secrete IFN. In the second part

of the response, both the IFN-producing cell and adjacent cells sense IFN, leading to the

production of IFN-stimulated genes (ISG) (1).

Arteriviruses include porcine reproductive and respiratory syndrome virus (PRRSV),

equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV), simian

hemorrhagic fever virus (SHFV), and swing possum virus (SPV). They can persist in

infected animals, PRRSV can persist for six months in pigs, EAV can persist for life in
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horses, LDV can usually persist in mice without pathological

consequences for the host, and SHFV can show different

symptoms in macaques and baboons, with macaques showing

fatal hemorrhagic fever but baboons showing only persistent

asymptomatic infection (2–5). EAV and PRRSV are considered

important pathogens in veterinary studies among these

arteriviruses. They can cause significant economic losses in the

equine and swine industries, share similar molecular

characteristics, and cause reproductive disorders in livestock

(6). Therefore, effective Arterivirus control and prevention

methods are urgently needed. This review summarizes

research advances for the different pathways of anti-IFN

responses to Arteriviruses (Figure 1). We want to provide

creative insights to guide the development of innovative

strategies to achieve Arteriviruses prevention and control.
Overview of interferon response

IFN is a soluble factor discovered in 1957 in viral infections

and is named for its ability to interfere in viral replication (7).

Interferons are classified into types I, II, and III IFNs (IFN-I, II,

and III). In mammals, IFN-I is composed of 19 IFN proteins: 14

IFN-a subtypes (IFN-a1 to a14), IFN-w, IFN-e, IFN-t, IFN-k,
and IFN-b and IFN-I signaling is mediated through the IFN-I

receptor (IFNAR), which is a common cell surface receptor.

IFN-II family is mainly produced by T lymphocytes and natural

killer cells (NK cells), which are mediated by IFNGR (a receptor

composed of IFNGR1 and IFNGR2). IFN-III comprises 4

subtypes, IFN-l1, IFN-l2, IFN-l3, and IFN-l4, and it is

mediated by IFNLR (a receptor composed of IFNLR1 and

IL10R2) (8–12). IFN-III is associated with IFN-I and IL-10,

which have antiviral activity (10). IFN-l is an epithelial cytokine
Frontiers in Immunology 02
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that limits viral replication in epithelial cells and forms an

additional protective layer at mucosal sites (13).

The activation of IFN-I response is divided into three phases:

①pattern recognition receptors (PRRs) on the cell membrane or

cytoplasm PRRs recognize pathogen-associated molecular

patterns (PAMPs); ②IFN triggers JAK-STAT via paracrine or

autocrine signaling; ③expression of a large number of antiviral

ISG genes, which puts the host into an antiviral state (14).

Most PRRs in the innate immune system of vertebrates can

be classified into the following five types: Toll-like receptors

(TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors

(RLRs), nucleotide oligomerization domain (NOD)-like

receptors (NLRs), C-type lectin receptors (CLRs), and absent

in melanoma-2 (AIM2)-like receptors (ALRs) (15). We will

discuss two classes of viral sensing PRRs in this review. These

include TLRs and RLRs, which are important for inducing the

type I IFN response. TLRs primarily recognize viral RNA or

DNA in the endosomes, and RLRs primarily recognize viral

RNA in the cytoplasm. They play a key role in the induction of

host IFN expression (16–18). Still, another is a set of structurally

unrelated viral DNA sensors (Cyclic GMP-AMP synthase) and

IFI16 located in the cytoplasm and/or nucleus, and it also plays a

critical role in inducing the expression of host IFN (19).

Interferon is normally secreted and binds to cell surface

receptors in response to viral infection and activates a JAK/

STAT-dependent signaling cascade that produces ISG and puts

the cell in a state of resistance (20).

The prolonged infection caused by arteriviruses has a greater

association with immune evasion, mainly through the

suppression of interferon by various pathways to promote viral

proliferation and long-term infection. Clarifying the antagonism

between arteriviruses and interferon is important to understand

the pathogenesis and find relevant targets as a basis for vaccine
FIGURE 1

Interference of IFN induction and its downstream signaling pathway by Arteriviruses.
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development. Therefore, this review will summarize the

underlying immune evasion mechanisms by arteriviruses.

Arteriviruses induce mainly low
levels of IFN expression

Arteriviruses use different mechanisms to suppress interferon

responses to evade the host’s innate immune response. Early studies

have shown that PRRSV infection in pigs leads to a weak induction

of the natural immune response. Detection of interferon in alveolar

lavage fluid reveals that interferon is maintained at very low levels,

suggesting that PRRSV can interfere with IFN-I transcription

directly at the level of IFN-b gene transcription in the early stages

of infection (21–23). Before the challenge, IFN-pretreatment of pigs

in vivo reduced PRRSV-induced symptoms. However, it appears

that IFN therapy could not rescue PRRSV-infected swine from

death, but it extended survival time (24). In vitro study, the

inhibition of IFNs expression by PRRSV was similarly observed

in MARC-145 cells infected with PRRSV and PAMs cells (23, 25).

Similarly, IFN-b production in Equine endothelial cells

(EECS) was significantly inhibited after EAV infection, in

contrast to SeV infection, which stimulated high levels of IFN-

I expression, and EAV infection also significantly inhibited SeV-

induced IFN-I production (26). All of the above studies suggest

that Arteriviruses induce IFN inhibition, and the main

mechanisms responsible for this phenomenon are reviewed next.
Arteriviruses proteins inhibit the
IFN response

Different arteritis virus structural and nonstructural proteins

exercise different functions in IFN inhibition (Table 1).

ORF2, 2a, 3, 4, 5, 6, and 7 of PRRSV encode GP2, E, GP3,

GP4, GP5, M protein, and N protein, respectively (41).
Frontiers in Immunology 03
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Mechanistic studies of PRRSV antagonism to type I interferon

have focused on IFN-a/b, two factors that play a major role in

the fight against PRRSV infection. At least two structural

proteins (M and N proteins) and four nonstructural proteins

of PRRSV, nsp1, nsp2, nsp11, and nsp4, have been identified as

exhibiting inhibitory effects on IFN-b promoter activation, with

nsp1 showing the strongest inhibitory effect and self-cleavage of

nsp1 during infection to produce NSP1a and NSP1b. NSP1b
can inhibit IRF3 phosphorylation and NF-kB-dependent
nuclear translocation (30, 31). Nsp4 is a 3C-like serine

protease that antagonizes type I interferon production by

cleaving mitochondria antiviral signaling protein (MAVS) and

NF-kB essential regulators (NEMO) (32, 33, 42). PRRSV nsp7

inhibits IRF7 expression, downregulates IFN and downstream

ISG expression, and promotes viral replication (38). Nsp11 can

suppress the activation of IFN-b by cleaving the mRNA of

MAVS (also known as IPS-1, Cardif, and VISA) via the

endoribonuclease domain (43). PRRSV N protein is

distributed in both cytoplasm and nucleus, suggesting that

altered localization of N protein may affect its IFNs inhibitory

activity (28). Some studies have demonstrated that N protein

prevents IFN-b induction like that of nsp2 (44). IFN-g plays an
important role in the immune response against PRRSV. The

duration of viremia and the degree of morbidity did not correlate

well, but ELISA experiments showed that N, M protein, and

nsp2 were indeed associated with PRRSV-specific induction of

IFN-g secretion by lymphocytes (27).

Among the EAV nsp, four nonstructural proteins, nsp1,

nsp2, nsp4, and nsp11, have been identified as potential

interferon antagonists. It was shown that the homolog of

PRRSV nsp1a/b, EAV nsp1, has the strongest ability to inhibit

type I IFN synthesis (26). EAV nsp2-encoded papain-like

proteinase (PLP2) inhibits Ub- and ISG15-dependent innate

immune responses (36). Similarly, EAV nsp4 can inhibit virus-

induced IFN-b production by targeting NEMO for protein

cleavage, and cleavage occurs at four sites, including E166,
TABLE 1 Arteriviruses proteins inhibit IFN downstream signaling pathway.

Arteriviruses
proteins

The molecular mechanisms References

M PRRSV-specific IFN-g secretion is correlated with N and M proteins, but the exact mechanism is unclear. (27)

N N proteins can inhibit interferon-induced elevated STAT2 levels and ISGF3 nuclear translocation, and their altered localization may
also affect the inhibitory activity of IFNs.

(28, 29)

nsp1 Inhibition of IRF3 and IkBa phosphorylation, blocking nuclear translocation of STAT1 and each signaling step upstream of NF-kB
activation, cleavage of MAVS and NEMO to antagonize interferon production

(30–35)

nsp2 nsp2 is a potential ISG15 production and binding antagonist and can inhibit Ub and ISG15-dependent innate immune responses. (36, 37)

nsp4 Targeted cleavage of NEMO and NF-kB activator (TANK) to block NF-kB signaling, cleavage of MAVS and blocking RLR signaling,
and inhibition of IFN-b promoter activation.

(33, 34)

nsp7 Inhibits IRF7 expression, thereby downregulating IFN and downstream ISG expression, and promotes viral replication (38)

nsp11 nsp11 can induce STAT2 degradation directly through the ubiquitin-proteasome degradation pathway and inhibit the NF-kB
signaling pathway by de-ubiquitination-dependent activity

(39, 40)
fr
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E171, Q205, and E349, consistent with PRRSV cleavage

sites (34).
Arteriviruses interference with host
interferon induction

Blocking the recognition of TLR-
mediated pathways

The RLRs group consisted of RIG-I, melanoma

differentiation-associated gene 5 (MDA5), and Laboratory of

Genetics and Physiology 2 (LGP2). RIG-I recognizes the

triphosphate and diphosphate at the stem end of dsRNA,

which is the hallmark of viral RNA of most RNA viruses (45).

MDA5 perceives long dsRNA, which is believed to represent the

intermediate replication product of many RNA viruses (46).

LGP2, a protein structurally related to both RIG-I and MDA5,

appears to be a cofactor for viral RNA sensing by a mechanism

that is not completely understood and likely involves making

viral RNA more accessible to RIG-I or MDA5 (47). RIG-I and

MDA5 are important sensors for IFN-I production in the

porcine innate immune system (48). RIG-1 and MDA-5 detect

specific viral RNA PAMPs, while LGP2 negatively regulates

RIG-I signaling and promotes RNA binding to MDA5 (49).

RIG-I-like receptor-mediated type I IFN production plays an

important role in the host’s defense against viral invasion (50).

dsRNA is a specific secondary structure of viral RNA detected by

RIG-I/MDA5 and induces IFN-a/b production through cascade

activation of the RLR pathway (51). Viral dsRNA can trigger

RIG-I, and the CARD domain of RIG-I interacts with the CARD

domain of MAVS, and activation of MAVS recruits multiple

downstream signaling components to the mitochondria, leading

to activation of k-B kinase inhibitor ϵ (Ikkϵ) and TANK-binding
kinase 1 (TBK1), which in turn causes IRF3 phosphorylation.

Phosphorylated IRF3 forms a dimer and translocates to the

nucleus, activating transcription of the IFN-I gene (52, 53).

PRRSV infection inhibits IFN-b production mainly by

interfering with MAVS activation in the RIG-I signaling

pathway (54). The porcine reproductive and respiratory

syndrome virus (PRRSV) 3C-like protease (3CLSP), by

contrast, cleaves MAVS in a proteasome- and caspase-

independent manner at Glu268 (E268/G269). Both cleavage

products fail to activate the type I IFN response (55). Further

studies showed that the highly pathogenic porcine reproductive

and respiratory syndrome virus (HP-PRRSV) protein nsp4

cleaves MAVS and blocks RLR signaling, and causes specific

downregulation of the MAVS, but nsp4 in the typical PRRSV

strain CH-1a has no effect on MAVS, so this may be a strategy

evolved by the virulent strain (32). Nsp11 reduces RIG-I mRNA

dependent on its endoribonuclease activity. Nsp11 inhibits IRF3

and NF-kB activity when stimulated with dsRNA analogs and
Frontiers in Immunology 04
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TNF-a, respectively, suggesting that this inhibition also depends

on RLR (56).

Recent studies have shown that MDA5 senses the EAV

genome to induce IFN expression (57).
Evasion of the IRF3/7 signaling pathway

Interferon regulatory factors (IRFs) are a family of

transcription factors with 9 members identified so far. IRF4, 5,

and 6 have no substantial role in IFN regulation and are also not

described. IRF-1 and IRF-2 mRNA were expressed in multiple

cell types, whereas IRF-8 expression was restricted to myeloid

and lymphoid cell lines, and its mRNA was significantly

upregulated in response to viral infection or IFN stimulation

(58, 59). IRF-9 was originally identified as the DNA-binding

subunit of ISGF3 and was proven essential for the antiviral

response to IFN-a/b and IFN-g (60, 61). IRF-3 and IRF-7 are

closely related in their primary structure, and recent studies have

identified an important and distinct role for these two factors in

IFN-a/b gene induction in arteritis virus infection.

It has been suggested that IFN-l expression is more flexible

than IFN-a/b expression, which may allow IFN-III to be

expressed in response to a wider range of stimuli than IFN-I,

and would potentially make IFN-III expression less sensitive to

microbial evasion strategies targeting the IRF pathway (62, 63).

IRF3 is a target factor for various viruses and can impair natural

immune signaling. Most viruses inhibit IRF3 phosphorylation

and thus also IRF3 dimerization and translocation. In the

absence of IRF-3 activation and IFN-b production, alternative

pathways allow IFN-l to be induced without IRF-3 activation.

IRF-3 is a virus targeting factor and can impair innate immune

signaling. Most viruses inhibit IRF3 phosphorylation,

dimerization, and nuclear translocation. TBK1 and IKKϵ can

induce IRF3 and IRF7 phosphorylation and be affected by K63-

linked polyubiquitination (64, 65). The ubiquitin chain may

serve as a platform for the assembly of the TBK1 signaling

complex, so for TBK1, polyubiquitination of the K63 linkage

appears to be important for TLR and RLR-induced IFN

production (65, 66). Activated TBK1/IKKϵ phosphorylates

IRF3 and/or IRF7 at specific serine residues in the cell

membrane, which are subsequently transferred to the nucleus

to recruit the coactivator CBP/p300 and form a complex to bind

the IRF-3 response element of the IFN-b promoter (PRD I and

III) (67–69). Interestingly, IRF7 was induced during IFN

signaling at low levels in most cells, suggesting that IRF7 can

strongly enhance IFN production (70).

Viral proteins target TBK1 to block IFNb production by

preventing TBK1 activation from MAVS or inhibiting IRF3

activation from TBK1. Once activated, MAVS signaling

recruits multiple kinases, ubiquitin ligases, and adapters,

leading to phosphorylation and activation of potential

transcription factors involved in IFN promoter activation.
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These transcription factors, IRF factors, especially IRF3 and

IRF7, are essential for IFN induction (71, 72). In addition, IRFs

are also required for IFN induction during TLR activation.

Therefore, it is unsurprising that virally encoded IFN

antagonists can inhibit IRFs.

PRRSV nsp1 is the most potent interferon repressor protein

among the nonstructural proteins. Studies have shown that the

inhibition of type I IFN is due to PRRSV nsp1a/b blocking

dsRNA-induced activation of IRF-3. In the presence of nsp1a/b,
phosphorylation of IRF-3 and its nuclear translocation occurred

normally, but the association of IRF3 with cAMP response

element-binding protein(CBP) in the nucleus was inhibited,

thereby blocking IRF-3 activation (73, 74). Nsp4 was reported

to inhibit IRF-3-mediated activation of the IFN-b promoter, an

inhibition derived from the hydrolytic activity of the nsp4 3C-

like serine protease (75, 76). Recently, it has been shown that N

proteins can inhibit poly(I:C)-mediated IRF-3 phosphorylation

and nuclear translocation, thereby suppressing the expression of

IFN-b (44). Therefore, IRF3 can be a direct viral target to block

IFN production and a key target for vaccine development. IRF7

is another important regulator in the interferon signaling

pathway. IRF7 can inhibit the early replication of PRRSV.

While PRRSV nsp7 significantly down-regulates IRF7

expression, nsp4 and nsp5 do not down-regulate IRF7

expression. Instead, nsp11 upregulates IRF7 expression, which

may result from complex virus-protein interactions (38).

Similarly, EVA nsp1a and NSP1b mediated the inactivation

of MAVS, leading to inhibition of IRF-3 activity, which is similar

to the role of PRRSV nsp1 (77). It was also found that EAV nsp1

blocked every signaling step upstream of IRF-3, suggesting that

EAV nsp1 acts downstream of all these tested steps in this

signaling pathway and, interestingly, does not have much effect

on the nuclear accumulation of IRF-3, presumably having an

effect on the IFN-b promoter in the nucleus (26).
Blocking TLR-mediated recognition
pathway and activation of transcription
factor NF-kB

Pathogen-associated molecular patterns in viral RNAs are

recognized by various pattern recognition receptors, such as

TLR3. TLR-3, -7, -8, and -9 are all capable of inducing type I IFN

gene expression, and they exercise the function of detecting

different forms of nucleic acids. They scan the extracellular and

endosomal space to detect RNA and DNA, detect the viral

genome from extracellularly lysis viral particles and initiate

signaling cascades that lead to the secretion of IFN and other

proinflammatory molecules, such as TLR3 recognition of

dsRNA, initiating a TRIF-dependent signaling cascade (52, 78).

Suppressors of cytokine signaling (SOCS) are intracellular

family proteins involved in the negative regulation of the
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immune response (79). Lung epithelial cells can induce IFN-b
production and are the first to interact with pathogens, and

plasmacytoid dendritic cells (PDCs) can rapidly establish a

connection with TLR7 and induce IFN-I expression (80, 81).

Recent studies have also shown that SOCS1 and SOCS3 strongly

inhibit TLR7-mediated IFN-I production (82, 83) and that

PRRSV N proteins can significantly activate SOCS1 promoter

activity and induce SOCS1 expression at the protein level in

Marc-145 cells, ultimately leading to IFN inhibition (84).

Interestingly, TLR3-mediated IFN production after infection

with Herpes simplex virus 1 (HSV-1) is cell type-dependent,

with TLR3 limiting HSV-1 replication in mouse fibroblasts and

CNS-resident cells (neurons, astrocytes), whereas no such

protective mechanism is produced in mouse macrophages (85).

TLR3 interacts with TRIF by interacting with upstream

adaptors. TRIF undergoes conformational changes and recruits

the downstream TNF receptor-associated factor (TRAF)6 (86).

The kinase receptor-interacting protein-1 (RIP-1) is part of the

signaling pathways downstream of TLR3 and RIG-I. It can

interact with TRIF to induce NF-kB activation (87). In its

inactive state, the transcription factor NFkB is complexed with

its inhibitor IkB (88). Upon stimulation, IkB is phosphorylated

by the IkB kinase (IKK) complex, which is composed of two

catalytic subunits, such as IKKa and IKKb, and a regulatory

subunit, such as NF-kB essential modulator (NEMO) (89). NF-

kB regulates more than 100 genes that play key roles in

inflammation, the innate immune response, and the initiation

of adaptive immunity (90).

PRRSV nsp1 and nsp2 inhibit the NF-kB signaling pathway

to antagonize IFN-b production (91, 92). Nsp1a inhibits the

phosphorylation of IkBa, resulting in the nuclear localization of

p65 being blocked, thereby aborting NF-kB function, which is

associated with its C-terminal 14 amino acids (92). The nsp2

ovarian tumor protease (OUT) structural domain has

deubiquitination activity, and IkB degradation is a necessary

step for NF-kB activation, which can act on the IkB
polyubiquitination process to prevent its degradation and

ultimately inhibit NF-kB-mediated production of IFNs (91).

PRRSV nsp4 cleaves TRAF family member-associated NFkB
activator (TANK), which inhibits TRAF6-mediated NFkB
activation (93). PRRSV nsp4 can also block NF-kB signaling

targeting NEMO at a single locus E349 (33). Interestingly, the

cleaved fragment of NEMO (1-349) still activates IFN and NF-

kB promoter production, suggesting that nsp4 may fail to

completely prevent NEMO-mediated IFN-b activation via

cleavage at NEMO E349 (34). PRRSV nsp11 has also been

reported to inhibit the NF-kB signaling pathway in response

to deubiquitination activity (39).

EAV nsp1 inhibits IFN-b activation mainly through the NF-

kB-dependent signaling pathway, which blocks each signaling

step upstream of NF-kB activation, but nsp1 has little effect on

NF-kB nuclear accumulation. It is speculated that EAV nsp1

may affect the IFN-b promoter in the nucleus (26). It has also
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been shown that EAV Nsp4 can cleave TANK to inhibit NF-kB
expression (93).
Interference with type I IFN-
activated JAK/STAT signaling
pathway and antiviral ISGs

Interferons are normally produced and secreted upon viral

infection, and secreted IFN binds to the IFN receptor and activates

Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) which

phosphorylate signal transducers and activators of transcription

proteins (STAT1 and STAT2) (94). Phosphorylated STAT1 and

STAT2 form heterodimers that bind to IRF9 to form IFN-

stimulated gene factor 3 (ISGF3). ISGF3 translocates to the

nucleus and binds to the IFN-stimulated response element

(ISRE), triggering the expression of hundreds of ISGs with

antiviral functions and putting the cell in an antiviral state (20).

Antiviral ISG plays a crucial role in eliminating viral infections

(95). Many ISGs are signaling molecules or regulatory proteins in

innate and adaptive immunity, and their induction of ISGs can

further amplify and develop immune responses (including IFN

responses) (96, 97).

PRRSV inhibits the IFN-activated JAK/STAT signal

transduction and ISG expression in both MARC-145 and

PAM cells (29, 98). Further research found that PRRSV nsp1b
could block the nuclear translocation of STAT1 and significantly

inhibit the expression of ISGs (35). IFN induces IFN-stimulated

gene expression by activating phosphorylation of STAT1 and

STAT2, which can form a heterotrimer with IRF9 (ISGF3) and

translocate to the nucleus. Severe acute respiratory syndrome

(SARS) and PRRSV both interfere with the host innate immune

responses. Still, mechanisms that block nuclear translocation of

ISGF3 are different, and SARS ORF6 can block nuclear

translocation of STAT1 by sequestering KPNA2 alone (99).

However, no interaction between nsp1b and any KPNAs was

found in PRRSV-infected cells. PRRSV VR2385 can inhibit IFN-

a signaling in MARC-145 and PAMs by interfering with ISGF3

nuclear translocation, but PRRSV modified live virus (MLV)

infection of PAMs can directly activate IFN signaling, suggesting

that there may be different effects of IFN induction between the

two PRRSV strains, which may provide reference implications

for PRRSV vaccine design (35). PRRSV nsp11 can induce

STAT2 degradation directly via the ubiquitin-proteasome

degradation pathway, in which amino acid residue

K59 in nsp11 plays a key role but does not depend on

endoribonuclease activity (40). Similarly, N proteins can

inhibit interferon-induced elevation of STAT2 levels and

ISGF3 nuclear translocation (29). PAM cells are affected by

IFN-g and microbial products such as lipopolysaccharide (LPS)

and viral infection, and LPS-activated PAMs inhibit PRRSV

replication, and genes in the JAK/STAT signaling pathway were
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play a key role in cellular activation (100).

Among the antiviral ISGs, the best-studied ones are ISG15, 2

‘,5’-oligoadenylate synthetases (OASs), ribonuclease L (RNaseL),

the dsRNA-activated protein kinase (PKR), p56 [ISG56,

interferon-induced protein with tetratricopeptide repeats 1

(IFIT1)], and Mx1 (Myxovirus (influenza virus) resistance 1),

and IFNs induce upregulation of transcriptional expression of

several hundred interferon-stimulated genes (101, 102). ISG15 is

a ubiquitin-like antiviral protein [59, 60]. ISG15 conjugation

(ISGylation) to substrate proteins follows a process similar to

ubiquitin conjugation (103, 104). Many viruses target STAT1

and STAT2 to inhibit the induction of ISG. ISG can inhibit

nucleic acid nuclear input and RNA and protein synthesis or

enhance viral degradation (102). ISG15 and ISGylation act in

different cellular pathways, particularly in regulating antiviral

innate immune responses. PRRSV nsp2 was previously

identified as a potential antagonist of ISG15 production and

ISGylation, overexpression of ISG15 inhibited PRRSV

replication in cell culture, and the antiviral activity of

interferon was reduced by inhibition of ISG15 binding (37).

Interestingly, the pseudoknot region of the 3’ untranslated

region (UTR) of the PRRSV genome can be recognized by

RIG-I and TLR3 and strongly induces the expression of ISGs

in PAMs, and importantly, similar structures predicted for other

arterivirus members, including EAV, LDV, and SHFV, also

show strong IFN-inducing activity (105).

The interferon-induced PKR plays an important role in

antiviral response. PKR mediates translational control by

phosphorylating the protein translation initiation factor eIF2a,
inhibiting protein synthesis and viral replication (106). The

addition inhibitor of PKR (2-AP) restored PRRSV replication

in IFN-g-treated cells (107). Research shows that PRRSV

inhibited PKR activation during its early stage infection of

PAMs (108).
Conclusion

Arteriviruses have evolved much to evade the host’s innate

immune system to better survive in the host over the long term.

The sustained low level of interferon expression is a fundamental

reason for their ability to persist. Current studies have identified

at least six viral proteins identified as IFN antagonists of PRRSV,

further understanding of the immune regulation of viruses and

strategies to evade the host immune system is necessary. The

development of antiviral drugs can be facilitated by

understanding the relationship between Arteriviruses and IFN

antagonism to identify key immune evasion proteins. Also,

understanding current antiviral strategies can enhance known

antiviral pathways and further facilitate the development of safe

and effective vaccine strains.
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The COVID-19 pandemic, caused by Severe Acute Respiratory Syndrome

Coronavirus 2 (SARS-CoV-2), has created an urgent global situation.

Therefore, it is necessary to identify the differentially expressed genes (DEGs)

in COVID-19 patients to understand disease pathogenesis and the genetic

factor(s) responsible for inter-individual variability and disease comorbidities.

The pandemic continues to spread worldwide, despite intense efforts

to develop multiple vaccines and therapeutic options against COVID-19.

However, the precise role of SARS-CoV-2 in the pathophysiology of

the nasopharyngeal tract (NT) is still unfathomable. This study utilized

machine learning approaches to analyze 22 RNA-seq data from COVID-19

patients (n = 8), recovered individuals (n = 7), and healthy individuals (n = 7) to

find disease-related differentially expressed genes (DEGs). We compared
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dysregulated DEGs to detect critical pathways and gene ontology (GO)

connected to COVID-19 comorbidities. We found 1960 and 153 DEG

signatures in COVID-19 patients and recovered individuals compared to

healthy controls. In COVID-19 patients, the DEG–miRNA, and DEG–

transcription factors (TFs) interactions network analysis revealed that E2F1,

MAX, EGR1, YY1, and SRF were the highly expressed TFs, whereas hsa-miR-

19b, hsa-miR-495, hsa-miR-340, hsa-miR-101, and hsa-miR-19a were the

overexpressed miRNAs. Three chemical agents (Valproic Acid, Alfatoxin B1,

and Cyclosporine) were abundant in COVID-19 patients and recovered

individuals. Mental retardation, mental deficit, intellectual disability, muscle

hypotonia, micrognathism, and cleft palate were the significant diseases

associated with COVID-19 by sharing DEGs. Finally, the detected DEGs

mediated by TFs and miRNA expression indicated that SARS-CoV-2 infection

might contribute to various comorbidities. Our results provide the common

DEGs between COVID-19 patients and recovered humans, which suggests

some crucial insights into the complex interplay between COVID-19

progression and the recovery stage, and offer some suggestions on

therapeutic target identification in COVID-19 caused by the SARS-CoV-2.
KEYWORDS

SARS-CoV-2, functional enrichment, gene regulatory networks, therapeutic targets,
RNA-seq, genomics
Introduction

In late December 2019, a novel respiratory disease, now popularly

termed “COVID-19”, caused by severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2), emerged in Wuhan, China (1–3).

Immediately after its first outbreak in China, this fearsome virus

has emerged as one of the deadliest human pathogens (4, 5). As of

June 22, 2022, COVID-19 disease affected 217 countries and

territories, and more than 545 million cases have been confirmed

around the globe, with more than 6.3 million deaths (6). Due to its

worldwide spread and severity, the World Health Organization

(WHO) has declared the disease a public health emergency of

international concern (7–9). In the early stage of the outbreak, the

spectrum of clinical manifestations of COVID-19 ranges from the

common cold to respiratory failure depending on the demography

and environment (2, 7, 10). However, recent data show that the

clinical episodes of COVID-19 may range from asymptomatic

infection to critical illness, with a dysregulated inflammatory

response to infection a hallmark of severe cases (11) and life-

threatening multiorgan failure (10, 12–14). In most cases (~80%),

patients exhibit mild symptoms, while the remaining ∼20% may

develop severe lung injury and death from respiratory failure (15–17).

Some of the clinically infected patients may suffer from acute

respiratory distress syndrome (ARDS) and multiple organ failures,

requiring intensive care unit (ICU) facilities for life support and
02
15
medication (16). Risk factors for severe SARS-CoV-2 include age,

smoking status, ethnicity, and male sex (13, 18). Notably, the

persistence and prognosis of COVID-19 are greatly influenced by

the patients’ underlying health conditions and age (12, 19). With no

effective antiviral treatment and slow vaccine rollout, COVID-19

continues to threaten public health worldwide seriously (20).

Despite increasing global threats of COVID-19, the host

immune response against SARS-CoV-2 infection remains poorly

understood, and the perturbations result in a severe outcome

(15, 21). The nasal epithelium is a portal for initial infection and

transmission of the SARS-CoV-2 (7). SARS-CoV-2 employs

ACE2 (Angiotensin-converting enzyme 2) as a receptor for

cellular entry (22, 23), and the binding affinity of the S protein

and ACE2 was found to be a major determinant of SARS-CoV-2

replication rate and disease severity (21, 24). After the entrance

into the susceptible host, SARS-CoV-2 infects cells of the

respiratory epithelium and mucous membranes, such as those

of the nose or eyes (22, 25). The host immune response to SARS-

CoV-2 infection involves activation of both cellular and humoral

arms. The innate immune system recognizes the SARS-CoV-2

RNAs through three major classes of cytoplasmic pattern

recognition receptors: Toll-like receptors (TLRs), RIG-I-like

receptors (RLRs), and NOD-like receptors (NLRs) (21, 26).

This response involves the release of interferons (IFNs) and

inflammatory cytokines, including the IL-1 family, IL-6, and
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TNF, that activates a local and systemic response to infection

(7, 21). This inflammatory response cascade involves the

recruitment, activation, and differentiation of innate and

adaptive immune cells, including neutrophils, inflammatory

myeloid cells, CD8 T cells, and natural killer (NK) cells (15).

The infection resolution largely depends on the cytotoxic activity

of CD8 T cells and NK cells, which enable the clearance of virus-

infected cells (7, 21). It is believed that dysregulated host

immune response leads to the persistence of virus-infected

cells and may facilitate a hyper-inflammatory state termed

Macrophage (MF) activation syndrome (MAS) or “cytokine

storm”, and ultimately damage the infected lung (15, 21, 27).

However, the underlying molecular mechanisms of the aberrant

inflammatory responses in serology and histopathology under

SARS-CoV-2 infection are still not clear.

The ongoing pandemic of SARS-CoV-2 and lack of

comprehensive knowledge regarding the progression of

COVID-19 has constrained our ability to develop effective

treatments for infected patients. One way to understand the

host response to SARS-CoV2 is to examine gene expression in

relevant tissues. Until now, a scant amount of gene expression

profiles are available from patients with COVID-19 and have

yielded some insights into the pathogenic processes triggered by

infection with SARS-CoV-2 (15, 21, 28). Transcriptomic analyses

of cells upon viral infections are extremely useful for identifying

the host immune response dynamics and gene regulatory

networks (15, 29). However, because of the limited number of

samples and preliminary analysis, a full picture of the physical

state of SARS-CoV-2 affected tissues has not emerged. To address

this, we have employed RNA-seq techniques to investigate the

upper airway (nasopharyngeal tract) gene expression profile in 22

specimens of COVID-19 patients (n = 8), COVID-19 recovered (n

= 7) and healthy (n = 7) individuals using several orthogonal

bioinformatic tools to provide a complete view of the nature of the

COVID-19 inflammatory response and the potential points of

therapeutic intervention. Through DEG analyses in these datasets,

we identified several genes coding for translational activities (e. g.

RPL4, RPS4X, RPL19, RPS12, RPL19, EIF3E), ATP-synthesis

(MT-CYB, MT-ATP6), transcription factors (e. g. E2F1, MAX,

EGR1, YY1, SRF), hub-proteins (e. g. KIAA0355, DCUN1D3,

FEM1C, ARHGEF12, THBS1), and mi-RNA (e. g. hsa-miR-19b,

hsa-miR-495, hsa-miR-340, hsa-miR-101, and hsa-miR-19a)

evidencing a sustained inflammation and cytokine storm in the

COVID-19 patients.
Materials and methods

Ethical statement and consent of
participants

his study was conducted following Bangladesh’s Director-

General of Health Services (DGHS) guidelines. The protocol
Frontiers in Immunology 03
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for a sample collection from COVID-19 recovered, and

healthy humans, sample processing, transport, and RNA

extraction was approved by the National Institute of

Laboratory Medicine and Referral Center of Bangladesh. The

study participants provided written informed consent

consistent with the experiment.
Study subject and sample collection

COVID-19 diagnosis, laboratory testing, and treatment in

this cohort have been previously described (30). Patients with

confirmed COVID-19 were classified as having mild/moderate

(MM) or severe/critical (SC) disease based on symptomatology

(22). We recruited seven recovered COVID-19 patients (post-

hospital discharge) from this cohort and seven healthy subjects

with no history of SARS-CoV-2 infection (negative control.

Twenty-two (N = 22) nasopharyngeal samples (including

COVID-19 = 8, recovered = 7, and healthy = 7) were collected

from Dhaka city of Bangladesh. Collected samples were

preserved at -20°C until further use for RNA extraction and

RT-qPCR assay. The RT-qPCR was performed for ORF1ab and

N genes of SARS-CoV-2 using a novel Coronavirus (2019-

nCoV) Nucleic Acid Diagnostic Kit (PCR-Fluorescence

Probing, Sansure Biotech Inc.) according to the manufacturer’s

instructions. Viral RNA was extracted using a Pure Link viral

RNA/DNA mini kit (Thermo Fisher Scientific, USA). Thermal

cycling was performed at 50°C for 30 min for reverse

transcription, followed by 95°C for 1 min, and then 45 cycles

of 95°C for 15 s, 60°C for 30 s on an Analytik-Jena qTOWER

instrument (Analytik Jena, Germany).
RNA sequencing

We utilized the total RNA-seq approach for this study.

According to the manufacturer’s instructions, the cDNA of all

22 samples was used to prepare paired-end libraries with the

Nextera DNA Flex library preparation kit (Illumina, Inc., San

Diego, CA). Paired-end (2 x 150 bp reads) sequencing of the

prepared library pool of the samples was performed using a

NextSeq high throughput kit with an Illumina NextSeq 550

sequencer at the Genomic Research Laboratory, Bangladesh

Council of Scientific and Industrial Research (BCSIR),

Dhaka, Bangladesh.
Overview of the proposed
bioinformatics pipelines

Network-based approaches are common to identify and

analyze the pathogenesis of SARS-CoV-2. Datasets required in

this work were constructed and collected at the initial phase and
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detailed in the following subsections. Gene expression analysis

was performed to identify the DEGs from each dataset

(Figure 1). Next, the common DEGs between two groups of

COVID-19 datasets were identified. These common DEGs were

further used to discover their protein-protein interactions (PPIs)

and to perform gene set enrichment analysis (GSEA) to identify

enriched cell signaling pathways and functional gene ontology

(GO) terms. Next, the same common DEGs were used to

discover three types of GRNs: DEGs–micro RNAs (miRNA)

network, DEGs–transcription factors (TFs) network, and TF-

miRNA network. Finally, protein-chemical compound and
Frontiers in Immunology 04
17
protein-drug interactions were also investigated for the

common DEGs (Figure 1).
Dataset preparation and analysis of
differentially expressed genes

To assess the DEGs of COVID-19 and their genetic

association with host cells, we collected and analyzed the

RNA-seq datasets from our lab experiment. In this study, we

prepared two datasets as COVID-19 positive patients versus
FIGURE 1

Schematic representations of the paths for differentially expressed genes (DEGs) analysis in RNA-seq data of the COVID-19 patients, recovered
humans, and healthy controls nasopharyngeal tract.
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COVID-19 recovered humans with the same healthy control

group for analytical purposes. We performed several statistical

operations on the datasets to determine the DEGs. Moreover, the

Benjamini–Hochberg false discovery rate method was used to

balance the discovery of statistically significant genes and the

limitation of false positives. The BioJupies generator (31) online

server (https://maayanlab.cloud/biojupies/) was used for RNA-

seq raw data analysis. In this study, genes with adjusted P-value

< 0.05 and absolute value of log2 fold-change ≥ 1 were

considered DEGs. Next, we compared two COVID-19 datasets

to determine the shared DEGs using the Venny v2.1 web tool

(32). In this article, we use the term combined DEGs’ to refer to

the collection of these two sets of DEGs, which have been used in

the downstream bioinformatics analyses.
Functional enrichment analysis

We utilized Enrichr (33) with Fisher’s exact test to conduct

the functional enrichment analysis with the combined DEGs.

After performing an overrepresentation analysis, a collection of

enriched cell signaling pathways and functional GO keywords

were discovered, revealing the biological importance of the

previously detected DEGs. In Enrichr analysis, we combined

the signaling pathways from two libraries, including KEGG

(Kyoto Encyclopedia of Genes and Genomes) and Reactome

(https://reactome.org/), to create a single route. Only the

important paths for which the P-value was less than 0.05 were

evaluated and considered after deleting duplicate pathways. For

functional GO annotations, we looked at the GO biological

process, GO molecular function, and GO cellular component

datasets in Enrichr and selected the most important GO terms

based on set criteria and with an adjusted P-value < 0.05.
Protein-protein interaction
network analysis

Protein-protein interaction (PPI) of the shared DEGs was

analyzed using the STRING database (34). We applied different

local- and global-based methods using the cytoHubba plugin in

Cytoscape v3.8.2 (35) to determine potential hubs within the PPI

network. While the local method ranked hubs based on the

relationship between the node and its direct neighbor, the global

method ranked hubs based on the interaction between the node

and the whole network. In total, five different methods were

considered, including three local rank methods, i.e., degree,

maximum neighborhood component (MNC), maximal clique

centrality (MCC), and two global rank methods, i.e., edge

percolated component (EPC) and betweenness. Next, we

compared the results and identified the common nodes as the

most potential hubs. Finally, the protein networks were analyzed

through Cytoscape v3.8.2.
Frontiers in Immunology 05
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Differential gene regulatory
network analysis

The findings of DEG–miRNA, TF–DEG, and TF-miRNA

interaction networks are part of the GRN analysis. Using the

Network Analyst platform (36), the commonly dysregulated

genes were utilized to identify GRN networks. Discovering

DEG–miRNA interaction networks was accomplished through

the miRTarBase database (37). To identify the TF–DEG

interaction network, the JASPAR database (38) was used.

Employing TF-miRNA coregulatory network database, the TF-

miRNA interaction was analyzed. The networks were filtered

with a betweenness value of 100 and degree centrality of 0 to 10

to remove unnecessary information.
Protein–chemical compound analysis

Analyses of protein–chemical compounds can be used to

identify the chemical molecules responsible for the

interaction of proteins in comorbidities. For example, this

study found protein–chemical interactions using the enriched

gene (common DEGs) that COVID-19 patients developed

several digestive problems. Furthermore, using the

Comparative Toxicogenomics Database (39), we have

identified the protein–chemical interactions through

Network Analyst (36).
Protein–drug interaction network

One of the key goals of this study is to identify potential

therapeutic compounds that could effectively mitigate SARS-

CoV-2 pervasiveness. Using the shared DEGs, we constructed

the protein-drug interaction (PDI) network through the

Network Analyst v3.0 web server (36) in conjunction with the

DrugBank v5.0 database (https://go.drugbank.com/docs/

drugbank_v5.0.xsd). To aid the analysis, we downloaded the

network data and configured the data with Cytoscape

v3.8.2 (35).
Gene-disease association prediction

DisGeNET (https://www.uniprot.org/database/DB-0218) is

a standardized gene-disease association database that

incorporates correlations from various sources involving

various biological features of disorders (40). It emphasizes the

increasing understanding of human genetic illnesses. We

examined the gene-disease connection using a network

analyzer (36) to find diseases and chronic problems associated

with common DEGs.
frontiersin.org

https://maayanlab.cloud/biojupies/
https://reactome.org/
https://go.drugbank.com/docs/drugbank_v5.0.xsd
https://go.drugbank.com/docs/drugbank_v5.0.xsd
https://www.uniprot.org/database/DB-0218
https://doi.org/10.3389/fimmu.2022.918692
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hoque et al. 10.3389/fimmu.2022.918692
Results

Differentially expression and distribution
of DEGs

To elucidate whether differentially expressed genes (DEGs)

contribute to the SAR-CoV-2 inflammatory response and the

potential points of therapeutic intervention, we analyzed 22

RNA-seq data of nasopharyngeal epithelial tissue of COVID-

19 patients, recovered humans, and healthy controls. To perform

RNA-seq analysis, we retrieved datasets from the National

Center for Biotechnology Information (NCBI) that belonged

to previously published BioProject under accession number

PRJNA720904 (https://www.ncbi.nlm.nih.gov/bioproject). We

identified 1960 and 153 gene signatures in COVID-19 patients

and recovered human NT epithelial tissues, which were

differentially expressed compared with healthy controls. We

particularly focused on the dysregulation (up or down-

regulation) of the identified DEGs during SARS-CoV-2
Frontiers in Immunology 06
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pathophysiology and its overlap with the recovered or healthy

states of the humans. The volcano plots in Figure 2 show the

DEGs for COVID-19 with the red dots. The number of shared

DEGs between COVID-19 and recovered datasets is presented in

the Venn diagrams (Figures 2C, D). Thirty-seven shared DEGs

were identified between COVID-19 patients and recovered

subjects. Of the detected DEGs, 1,510 (77.04%) genes were

upregulated (Up) during SARS-CoV-2 pathogenesis, of which

1,489 (98.61%) genes had a sole association with COVID-19

patients. Likewise, 90 (58.82%) genes were upregulated in

recovered humans, and of them, 69 (76.67%) genes had a sole

association with the recovery phage of SARS-CoV-2 infection

(Figure 2C). By comparing the upregulated genes between

COVID-19 patients and recovered individuals, we found that

21 genes (i.e., RPL4, MT-ND2, SCD5, MT-CYB, EZR) were

shared between the conditions (Figure 2C). On the other hand,

450 (22.96%) and 63 (41.18%) DEGs were downregulated

(Down) in COVID-19 patients and recovered subjects,

respectively, and of them, only 12 genes (i.e., MAFF,
A B

C D

FIGURE 2

Volcano plots showing dysregulated genes in (A) COVID-19 patients vs. healthy control and (B) recovered humans vs. healthy controls. The red
and blue dots indicate the expressions of the upregulated (Up) and down-regulated (Down) DEGs, respectively. Venn diagrams depict the
unique and shared DEGs (C) upregulated and (D) down-regulated under the given conditions.
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ARHGEF12, DCUN1D3, DR1, MT-CO1.) were found to be

shared between COVID-19 and recovered cases (Figure 2D).

The DEGs shared between COVID-19 positive and recovered

people and their relationships from the perspective of adjusted

P-value, and log2 fold-change is presented in the heatmaps,

respectively (Figures 3A, B). Finally, 33 common dysregulated

(Up or Down) genes were presented in a bubble plot to show

relationships with 10 log fold-change values (Figure 3C).
Functional enrichment analysis identifies
significant cell signaling pathways and
gene ontology

We used the Enrichr tool to conduct a functional

enrichment analysis on the DEGs to identify the signaling

pathways and functional GO keywords significantly enriched

with DEGs in the nasopharyngeal epithelial cells from COVID-

19 patients. The 33 shared DEGs were used to identify key

pathways and GOs that may be linked to COVID-19

comorbidities. We combined the KEGG and Reactome

pathway databases with Enrichr tools to create a single

pathway database. We looked at the pathways whose

significance was determined by the P-value and plotted the top

20 pathways for each condition (Figure 4). Consideration was

given to the paths having a higher logarithmic P-value. The most

significant pathways were the ribosome signaling pathway,

coronavirus signaling pathway, and c-type-lectin receptor

signaling pathway for KEGG analysis (Figure 4B) and forming

a pool of free 40S subunits 3-UTR-mediated translational

regulation, and eukaryotic translational initiation signaling

pathways for the Reactome database (Figure 4B).

We used the Enrichr tool to identify significantly enriched

cellular signaling pathways and functional GO terms (molecular

function, biological process, and cellular component) with DEGs

in the nasopharyngeal epithelial cells from COVID-19 patients.

The 33 shared DEGs were used to identify key pathways and

GOs that may be linked to COVID-19 comorbidities. We looked

at the pathways whose significance was determined by the

P-value (having a higher logarithmic P-value) and plotted the

top 20 pathways for each condition (Figure 4).

We further conducted GO functional enrichment analysis

using the same common DEGs. We employed the GO biological

process, the GO molecular function, and the GO cellular

component databases obtained from Enrichr libraries. The

significantly enriched GO terms were identified if the

enrichment yielded the adjusted P-value’s high logarithmic

value. The top 20 cellular signaling pathways in the COVID-

19 patient’s nasopharyngeal epithelial cells were selected in this

study (Figure 5) in relevance to the recovered phase. The most

significant GO pathways were the ceramide 1-phosphate transfer

activity, and ceramide 1-phosphate binding pathways for the

molecular functions (Figure 5A), database nuclear-transcribed
Frontiers in Immunology 07
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mRNA catabolic process and regulation of epithelial cell

differentiation pathways for biological process (Figure 5B), and

membrane raft, and cytosolic sizeable ribosomal subunit

pathways for cellular component (Figure 5C).
Protein-protein interaction network
construction and interaction analysis

A Protein-protein interaction (PPI) network was built from

the common DEGs interactions, consisting of 24 nodes and 72

edges. The PPI network clustering highlighted RPL4, RPL18A,

EIF3E, EIF3D, RPS4X, RPL19, EIF3K, RPS12, MT-ND2, MT-

CO1, MT-ATP6, and MT-CYB with high interaction activity

(Figure 6). The proteins with several connecting edges can be

identified as hub proteins. Figure 7 shows the top 10 hub nodes

within the PPI network. As anticipated by five different methods

(i.e., maximum neighborhood component; MNC, betweenness,

degree, edge percolated component; EPC and maximal clique

centrality; MCC), we recognized eight hub-nodes as potential

hub-proteins (i.e., RPL4, RPS4X, RPL19, RPS12, RPL19, EIF3E,

MT-CYB, and MT-ATP6) (Figures 7A–E). Interestingly, these

eight hub proteins were common in all methods. Only RPS4X

was found from 4 methods except for betweenness (Figure 7B).

Conversely, the betweenness method predicted only three

proteins (i.e., SCD5, EZR, and RIMS1) from the shared DEGs

as hubs that were not found by other methods (Figure 7B).
GRN analysis identifies DEGs–miRNA and
transcription factor–gene interactions

The common DEGs between COVID-19 patients and

recovered humans were used in this study. The DEG–miRNA

interactions network is depicted in Figure 8A. The dysregulated

genes are shown by the circles in the picture, while the squares

represent the miRNAs. The association among different nodes of

DEGs and miRNA (circles or squares) is represented by different

lines linking them. Significant nodes are those in a network that

connect several edges because they are more crucial. Out of 21

miRNAs detected, hsa-let-7e-5p, hsa-mir-7977, hsa-mir-155-5p,

hsa-mir-186-5p, and hsa-mir-1827 were the most expressed

miRNAs and had a stronger association with DEGs

(Figure 8A). Likewise, among the DEGs, DMD, AHDC1,

BAG4, EMP2, TIMM50, RPL7L1, and THBS1 were more

significant since these DEGs have a higher degree (number of

connecting edges) than the others and miRNAs (Figure 8A). We

further studied the interactions between TF and DEGs and

identified 14 TFs, of which FOXC1, FOXL1, NFIC, YY1, and

PPARG were significantly enriched and showed more

interactions with DEGs (Figure 8B).

Apart from these, the present study included TFs and

miRNAs highly relevant to SARS-CoV-2 interactions. This
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A B C

FIGURE 3

Heatmaps depicting the relationships among common DEGs in COVID-19 patients and recovered subjects based on (A) adjusted p-value and
(B) logFC values. (C) Bubble plots showing the combined Log10 fold-changes and p-values for the shared common genes between COVID-19
patients and recovered humans. The red color indicates the genes of COVID-19 patients, and the green color presents the genes of the
recovered people, while the mixed color indicates the overlapping genes.
A B

FIGURE 4

Signaling pathway analysis of nasopharyngeal epithelial cells on COVID-19 patients. We find that the top 20 terms depend on the P-value.
(A) KEGG pathway and (B) Reactome pathway.
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A B

C

FIGURE 5

Based on the adjusted P-value, the top 20 cell signaling pathways in the nasopharyngeal epithelial cells in COVID-19 patients. The pathways
have been formed by combining the DEGs that are common in the (A) gene ontology (GO) molecular function, (B) GO biological process, and
(C) GO cellular component.
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FIGURE 6

Protein-protein interaction (PPIs) network of common DEGs in COVID-19 patients. The nodes represent the proteins, and the edges represent
the interactions across the proteins. Proteins having more edges are highly expressed, and thickness between the edges indicates the strength
of interactions.
A B

C

D

E

FIGURE 7

Determination of hub genes from the protein-protein interaction (PPI) network by using the Cytohubba plugin in Cytoscape. We applied five
algorithms of the Cytohubba plugin to obtain the hub genes. Here (A) maximum neighborhood component (MNC), (B) betweenness,
(C) degree, (D) edge percolated component (EPC), and (E) maximal clique centrality (MCC). Red to yellow color gradients indicate the higher
ranking of hub genes.
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analysis identified 19 hub proteins, 10 TFs, and 5 miRNAs

(Figure 9A). In COVID-19 interaction, the TF–miRNA network

showed that E2F1, MAX, EGR1, YY1, and SRF were the highly

expressed TFs, and hsa-miR-19b, hsa-miR-495, hsa-miR-340,

hsa-miR-101, and hsa-miR-19a were among significant

miRNAs (Figure 9B).
Protein-drug and protein-chemical
interactions reveal possible drugs for
COVID-19 patients

Protein-drug interaction (PDI) networks provide a wealth of

information about possible pathogenesis mechanisms and drug

interactions thatmay not be evident using conventional approaches.

To disrupt the SARS-CoV-2 pervasiveness, we sought to find

pharmaceutical compounds that interact with viral proteins

(Methods). We detected nine pharmacological compounds (for

example, famoxadone, ubiquinone-2, 2-nonyl-4-hydroxyquinoline,

5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole) acting against one

protein, the human mitochondrial cytochrome b (MT-

CYB) (Figure 9B).

Protein–chemical interaction (PCI) is an important study to

understand the functionality of proteins underpinning the

molecular mechanisms within the cell, which may also help in

drug discovery. For example, it has been discovered that SARS-

CoV-2 infection causes PCI networks in the COVID-19 patients

and recovered humans. Figure 10A depicts a network of PCI

among significant proteins. The significant proteins identified

from this network include FEM1C, NCALD, THBS1, PCDH9,
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DMD, and PDGFA. Similarly, we identified three chemical

agents, Valproic Acid, Alfatoxin B1, and Cyclosporine,

enriched in this interaction analysis (Figure 10A).
Gene-disease network finds different
diseases associated with COVID-19

This study hypothesizes that many conditions can be

associated or connected with COVID-19 by sharing some

common genes. Disorder-specific therapeutic interface

strategies attempt to discover the link between genes and

diseases. In this study, we found 14 other diseases associated

with COVID-19 by sharing four DEGs (i.e., DMD, C2CD3,

WNT3, and AHDC1) most prevalent in COVID-19. Of the

detected diseases, mental retardation, mental deficiency,

intellectual disability, muscle hypotonia, micrognathism, and

cleft palate were the significant diseases interconnected with

COVID-19 (Figure 10B).
Discussion

The SARS-CoV-2 infection causes a wide spectrum of

diseases ranging from minimal, often asymptomatic,

respiratory illness to severe pneumonia with multisystem

failure and death. The ongoing rapid transmission and global

spread of COVID-19 have raised intriguing questions whether

the evolution and adaptation of SARS-CoV-2 is driven by
A B

FIGURE 8

Genes’ regulatory networks. (A) Gene regulatory networks (gene-miRNA) of the nasopharyngeal epithelial cell in COVID- 19 patients with the
shared dysregulated genes. The square shapes and circular shapes represent the miRNA and genes, respectively. (B) Gene regulatory networks
(transcription factors; TF) of the nasopharyngeal epithelial cell in COVID- 19 patients with the shared dysregulated genes. The square shapes and
circular shapes represent the TF and genes, respectively.
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changes at the gene levels (41). Therefore, this work investigates

the influences of SARS-CoV-2 infection on differential gene

expressions (DEGs) in the nasopharyngeal epithelial cells of the

COVID-19 patients and recovered individual. We identified

1960 and 153 DEGs in COVID-19 patients and recovered

humans with different expressions than healthy controls.
Frontiers in Immunology 12
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Among these DEGs, 77.0% were upregulated during SARS-

CoV-2 pathogenesis, and more than 98.0% of the upregulated

gene signature had a sole association with COVID-19 patients.

Therefore, relatively higher genes were upregulated in COVID-

19 patients compared to recovered and healthy humans. Earlier

studies reported that certain differences in gene expression
A B

FIGURE 10

Protein-chemical and gene-disease association. (A) Protein-chemical interaction network. Three phytochemical compounds were found against
11 genes. Circles showed the shared DEGs, while square shapes indicated interacting phytochemical compounds. (B) Gene-disease association
network. Circles indicate the common differential genes, and the 14 square shapes represent the common diseases interconnected to the
COVID-19 patients.
A B

FIGURE 9

Gene regulatory and protein-drug interactions. (A) Gene regulatory networks (TF-miRNA) of the nasopharyngeal epithelial cell in COVID- 19
patients with the shared dysregulated genes. The blue color and square shapes indicate the miRNA, while the green color is square-shapes,
representing TF. (B) Protein-drug interaction network. Nine pharmacological compounds are indicated by squares (pink color), while one circle
shape (red) represents the hub node.
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between patient groups might be driven by changes in tissues’

cellular composition, including through the recruitment of

immune cell types to the site of infection (14). By analyzing

the RNA-seq dataset of lung epithelial cells infected with SARS-

CoV-2, Jha et al. (42) identified 338 DEGs, including 92

increased and 246 decreased genes across the datasets. In this

study, top abundant DEGs such as genes encoding for ribosomal

protein (RPL4), controlling the production of the mitochondrial

reactive oxygen species (MT-ND2) (43), modulating cell

proliferation and differentiation (SCD5) (44), mitochondrial

deficiencies and associated disorders (MT-CYB) (45), epithelial

marker ezrin (EZR) associated with cell surface structure

adhesion, migration and organization of the SARS-CoV-2 (46)

were found to be co-expressed in the nasopharyngeal epithelial

cells of COVID-19 patients and recovered humans (Figure 2C).

Conversely, SARS-CoV-2 infection suppressed the expression of

genes associated with transcription factors (MAFF) (47),

erythropoiesis (ARHGEF12) (48), membrane neddylation

(DCUN1D3) (49), a global regulator of transcription (DR1)

(50), and cytochrome-c oxidase activity (MT-CO1) (51) in both

COVID-19 patients and recovered humans (Figure 2D).

We next investigated whether host gene expression during

SARS-CoV-2 pathophysiology is associated with functional

enrichment, for example, cell signaling pathways and gene

ontology. Our results showed that DEGs related to ribosome

signaling pathway, coronavirus signaling pathway, c-type-lectin

receptor signaling pathway, forming a pool of free 40S subunits,

3-UTR-mediated translational regulation, and eukaryotic

translational initiation signaling pathways were significantly

enriched in the nasopharyngeal epithelial cells on COVID-19

patients. These findings corroborated with the previously

published studies conducted to understand host transcriptional

response to influenza A virus and SARS-CoV-2 in primary

human bronchial epithelial cells (28, 42). Gene ontology

analysis identified several pathways: ceramide 1-phosphate

transfer activity, ceramide 1-phosphate binding pathways,

nuclear-transcribed mRNA catabolic process, regulation of

epithelial cell differentiation pathways for biological process,

membrane raft and cytosolic sizeable ribosomal subunit

pathways for cellular component significantly enriched in

COVID-19 patients. Ceramide 1 phosphate (C1P) can

augment immunity and control COVID-19 infection by

enhancing autophagy, adaptive immunity (Th1 programming),

and MHC-I-dependent cytotoxic T lymphocytes (CTL) response

(52). The epithelium lining the airways plays a key role in the

defense against infections. Several lines of evidence showed that

SARS-CoV-2 infection induces epithelial barrier function, as

documented by decreased trans-epithelial resistance, increased

permeability, and altered tight junction protein distribution

(53, 54). However, this functional impairment remained

transient, with signs of epithelial regeneration during the

recovery phage of SARS-CoV-2 infection. Basal cell

mobilization and replication can also be observed to exert a
Frontiers in Immunology 13
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moderate effect on epithelial barrier integrity (53). With these

dysregulated genes, we have conducted the PPI network

analyses. PPIs network analysis is the most prominent section

of the study as hub gene detection, analysis of modules and drug

identification thoroughly depends on the PPIs network.

According to the PPIs network (Figures 6, 7), ribosomal

proteins (RPL4, RPS4X, RPL19, RPS12, RPL19), translation

initiation factor 3 subunit E (EIF3E), mitochondrial

deficiencies and associated disorders (MT-CYB) (45), and

cytochrome-c oxidase activity (MT-CO1) (51), and

mitochondrial oxidative phosphorylation (MT-ATP6) proteins

were declared as hub genes because of their high interaction rate

or degree value. SARS-CoV-2 infection regulates the

mitochondrial transcription of the proteins (MT-CO1 and

MT-ATP6) involved in ATP synthesis, respiratory activity,

oxidative stress, pro-inflammatory state, and cytokine

production (55). The increased expression of ribosomal

proteins can be attributed to the virus hijacking the host’s

translational machinery for its survival by the mechanisms

such as ribosome shunting and phosphorylation of ribosomal

proteins (42). The PPI and gene enrichment analyses of these

hyper-interactive proteins showed significant biological

functions connected to COVID-19 related to the cell signaling

pathway and the host response to SARS-CoV-2 infections (56).

As discussed earlier, these proteins are involved in several other

disorders (28, 55, 56).

We further studied relationships of the common DEGs

between COVID-19 patients and recovered humans

concerning protein-protein, gene-miRNA, TF-gene, protein-

drug, and protein-chemical interactions. Our results showed

that hsa-miR-19b, hsa-miR-495, hsa-miR-340, hsa-miR-101 and

hsa-miR-19a were the mostly expressed miRNAs (Figure 8A),

and E2F1, MAX, EGR1, YY1 and SRF were the highly expressed

transcription factors (TFs) (Figure 8B). While host responses to

infection are critical in differential outcomes of SARS-CoV-2

infection, the role of miRNAs in COVID-19 pathogenesis is

poorly understood. We observed that most of these miRNAs

were strongly upregulated in COVID-19 patients, which could

be used as the circulating biomarkers for the diagnosis or

prognosis of COVID-19 (57). Circulating miRNAs are

extracellular serum/plasma miRNAs that could be involved in

cell-cell communication and might contribute to disease

progression. Besides their diagnostic value, miRNAs are well

known for their therapeutic potential, especially in viral diseases.

A recent report has compared the miRNA signature in the

peripheral blood of COVID-19 patients versus healthy donors

and several miRNAs have been identified to be deregulated, and

interfered with the shaping of the immune responses (58).

Therefore, the upregulated levels of miRNAs could be involved

in the inflammatory storm seen in COVID-19 patients by

inhibiting the immunosuppressive and anti-inflammatory role

ensured by the transcription signaling pathway. Recent studies

reported that transcription of mRNAs in epithelial cells is
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induced by TNF-a and triggers a negative feedback loop

involving E-selectin to control inflammatory signaling (42, 59).

Although we identified the 14 TF-genes showing more

interactions with DEGs, we have to assess further whether

these genes have the potential causal effects on the COVID-19

development. Our network-based approach identified TF hubs

that likely regulate many cellular functions (e.g., cytokine storm)

overexpressed in COVID-19 patients. Previous research

identified 95 TFs in cytokines upregulated in the COVID-19

patients, and of them, 19 TFs are targets of FDA-approved drugs

(60). Targeting TFs associated with the cytokine-releasing

syndrome provides candidate drugs and targets to treat

COVID-19 (60). However, additional research is needed to

determine whether these combinations elicit the same

immunomodulatory response in the context of SARS-CoV-

2 infection.

Nine pharmacological compounds were found to be effective

against SARS-CoV-2, and of them, fungicide (famoxadone),

blood pressure controlling coenzyme (ubiquinone-2), secondary

metabolite producing quinoline (2-nonyl-4-hydroxyquinoline),

and xenobiotic compound (5-n-undecyl-6-hydroxy-4,7-

dioxobenzothiazole) showed their activity against the human

mitochondrial cytochrome b (MT-CYB). These compounds

have significant antimicrobial, antidiabetic, anti-inflammatory,

antiviral, and antioxidant activities (61) against SARS-CoV-2

infections. Furthermore, protein-chemical interaction (PCI)

showed that FEM1C, NCALD, THBS1, PCDH9, DMD, and

PDGFA proteins interacted with three chemical agents such as

Valproic acid (VPA), Alfatoxin B1, and cyclosporine. Numerous

promising antiviral therapies against SARS-CoV-2 are being

investigated to prevent interindividual transmission and severe

complications of the COVID-19. The VPA can reduce the SARS-

CoV-2 receptor ACE-2 expression level and can be used as a

potential drug candidate for the prevention strategy against

COVID-19 (62). Aflatoxin B1 (AFB1), which alters immune

responses to mammals, is one of the most common

mycotoxins in feeds and food and a potential aggravating risk

factor in COVID-19 patients (63). The effect of cyclosporine on

coronaviruses, including the new SARS-CoV2, has been

extensively studied (64). Several earlier studies showed that

cyclosporine has the potential to prevent uncontrolled

inflammatory response, SARS-CoV-2 replication, and acute

lung injury (64, 65). Therefore, effective drugs are urgently

needed to target this life-threatening complication, particularly

for patients developing acute respiratory distress syndrome. In

addition, we identified 14 other diseases associated with COVID-

19 by sharing four DEGs (i.e., DMD, C2CD3, WNT3 and

AHDC1) which were most prevalent in COVID-19. People

with SARS-CoV-2 infections often have coexisting conditions

like mental retardation, mental deficiency, intellectual disability,

muscle hypotonia, micrognathism, and cleft palate. There is a

dearth of information regarding the impact of COVID-19 in

patients with tuberculosis, HIV, chronic hepatitis, and other
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concurrent infections (66). COVID-19 patients developed

serious symptoms, including difficulty breathing, chest pain,

loss of muscle control, severe inflammation, and organ damage.

The adverse health and economic impact of the COVID-19

pandemic influenced mental health, causing distress, anxiety,

and depression (67). These complications are not necessarily

short-lived and can cause long-term effects of multiorgan injury

following SARS-CoV-2 infections. COVID-19 presents a greater

risk to people with intellectual and developmental disabilities,

especially younger ones, and recent evidence suggests that mental

health problems significantly increased worldwide during this

pandemic (68, 69). Since muscle possesses the ACE2 receptor to

which SARS-Cov-2 binds, it follows that the involvement of the

muscle could be due not only to the secondary effects of the

infection (e.g., reduced oxygen supply from persistent lung

disease, perfusion defects from cardiovascular defects and

vascular damage), but also to the direct action of virus (SARS-

CoV-2 myositis) (70).
Conclusions

Gene expression analysis may potentially reveal disease-

pathogenesis pathways and point to novel targets for potential

therapeutic approaches. This study examines the RNA-seq data

of COVID-19 patients, recovered persons, and healthy

individuals to find DEGs and biomarkers between the SARS-

CoV-2 pathogenesis and recovery stage from a molecular and

cellular standpoint. We found that COVID-19 patients had a

much larger number of DEGs than recovered humans and

healthy controls and that some of these were co-expressed in

both COVID-19 patients and recovered humans. We used gene

expression analysis with the biomarker to identify cellular

signaling pathways and GO terms. In the COVID-19 patients,

we found several genes coding for translational activities,

transcription factors, hub-proteins, and miRNA expressions,

all of which indicated a persistent inflammation and cytokine

storm. The signaling pathways, GO terms, and chemical

compounds discovered in this study could help researchers

figure out how genes are linked together to find possible

therapeutic approaches. However, the DEGs’ direct molecular

biological functions and significant pathways discovered in this

study should be investigated further to understand better the

mechanisms underlying the host response to SARS-CoV-2 and

identify potential therapeutic targets and drug candidates for

COVID-19.
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Differential proteome response
to H5N1 highly pathogenic avian
influenza (HPAI) viruses
infection in duck

Yu Ye1,2†, Huiying Fan1,3,4†, Qi Li1,5, Zhen Zhang1,6, Peisi Miao1,7,
Jun Zhu1,8, Jie Liu1,5,6, Jie Zhang1,3,4 and Ming Liao1,3,4,5,6*

1College of Veterinary Medicine, South China Agricultural University, Guangzhou, China, 2College of
Animal Technology and Science, Jiangxi Agricultural University, Nanchang, China, 3National and
Regional Joint Engineering Laboratory for Medicament of Zoonosis Prevention and Control, Guangzhou,
China, 4Key Laboratory of Animal Vaccine Development, Ministry of Agriculture, Guangzhou, China,
5Key Laboratory of Zoonoses Control and Prevention of Guangdong, Guangzhou, China, 6Key
Laboratory of Control and Prevention of Guangdong Higher Education Institutes, Guangzhou, China,
7Jiangsu Coinnovation Center for Prevention and Control of Important Animal Infectious Diseases and
Zoonoses, Yangzhou, China, 8South China Collaborative Innovation Center for Poultry Disease Control
and Product Safety, Guangzhou, China
Ducks and wild aquatic birds are the natural reservoirs of avian influenza

viruses. However, the host proteome response that causes disease in vivo by

the H5N1 HPAI virus is still unclear. This study presented a comprehensive

analysis of the proteome response in Muscovy duck lung tissue during 3 days of

infection with either a highly virulent DK383 or an avirulent DK212. An unbiased

strategy- isobaric tags for relative and absolute quantitation (iTRAQ) in

conjunction with high-performance liquid chromatography with tandem

mass spectrometry (HPLC-MS/MS) was utilized to investigate the infection

mechanism. Pathways derived from analysis of 292 significantly altered

proteins may contribute to the high pathogenic nature and disease

progression of H5N1 viruses. Global proteome profiles indicated improved

correlation with the virus titers and gene expression patterns between the two

strains of the H5N1 virus. DK383 replicated more efficiently and induced a

stronger response specific to severe disease. While proteins involved in the

immune response of neutrophils were increased markedly by DK383, DK212

evoked a distinct response characterized by an increase in proteins involved in

the maturation of dendritic cells, adhesion of phagocytes, and immune

response of macrophages. The differentially activated Akt/mTOR/p70S6K

pathway might involve in the host response to H5N1 viruses. Therefore,

systematically integrated with datasets from primary genomic and virus titer

results, proteomic analyses may help reveal the potential pathogenesis.

KEYWORDS

H5N1 Highly Pathogenic Avian Influenza (HPAI) viruses, isobaric tags for relative and
absolute quantitation (iTRAQ), host proteome response, mammalian target of
rapamycin (mTOR) signaling, infection
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Introduction

The H5N1 HPAI viruses continuously circulate among

poultry in parts of Asia and northeast Africa. Since October

2021, the H5N1 strain has swept across Africa, Asia, Europe, and

North America, with around 3000 outbreaks reported (1).

Occasionally, H5N1 viruses infect humans, causing disease

with a mortality rate of nearly 60%. H5N1-infected wild birds

(including ducks) do not usually display many signs of infection,

which suggests that the duck has become the “Trojan horse” in

spreading H5N1 (2). RIG-I, an influenza virus sensor absent in

chickens, plays a role in the innate immunity of ducks against

influenza. On the other hand, this provides a plausible

explanation for ducks’ reduced susceptibility to influenza

viruses compared with chickens (3). Many recent studies have

focused on the pathogenicity of H5N1 HPAI viruses in

animal models.

In 2002, there was a resurgence of the H5N1 strains that are

highly pathogenic to ducks and cause death and severe

neurological signs. This phenomenon may indicate that the

biology of H5N1 influenza viruses in waterfowl is changing

(4). Molecular mutation in some residues of the genome

segment of H5N1 HPAI viruses has been demonstrated to be

associated with lethality in ducks. For example, the amino acid

changes of the polymerase genes PA (T515A) and PB1 (Y436H)

are virulence factors (5). The substitution of two amino acids,

S224P and N383D, in PA also contributes to the highly virulent

phenotype (6). In addition, the HA and PA gene alteration

induces high virus replication and an intense innate immune

response in the brain (7). Although several virulence factors have

been identified, host factors are also responsible for the

pathogenesis of infections. Elevated inflammatory cytokine

and chemokine production break the homeostasis of the

respiratory and immune system during influenza virus

infection, whereas macrophages that migrate to influenza-

infected lungs play a pathogenic role in pulmonary

inflammation (8). However, the studies on the host response

of ducks to H5N1 influenza viruses have been far from optimal.

Previous work analyzing the host response of ducks to H5N1

influenza virus infection has primarily utilized in vitro systems

(9). Moreover, in vivo studies of molecular differences in host

response are confined only to RNA expression profiling

analogous to in vitro studies (7, 10, 11). Unfortunately, little

work has been done in proteome profiling to investigate the

host-virus interaction within the duck model.

Our study presents a comprehensive analysis of the host

proteome response to influenza virus infection based on an

unbiased strategy-iTRAQ in conjunction with HPLC-MS/MS.

Muscovy ducks were infected with either a highly virulent (A/

Duck/Guangdong/383/2008, DK383) or an avirulent (A/Duck/

Guangdong/212/2004, DK212) H5N1 HPAI virus. Lung tissue

was then collected to evaluate viral titers 1, 2, and 3 days post-
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infection (dpi). While DK383 caused death between 3 and 4 dpi,

DK212 in ducks appears asymptomatic. Based on the

information presented above, the lung tissue at 3 dpi was

chosen to perform proteomic analysis. 2,459 proteins were

quantified, including 292 significantly altered proteins during

productive infection. Functional analysis integrated with

previous observation in our laboratory (10) provides a

complete view of the host proteome response and in-depth

characterization of viral pathogenesis.
Materials and methods

Virus, cells, and animals

The H5N1 HPAI viruses DK383 and DK212 were isolated in

the Guangdong province of China (12). Viral titers of influenza

stock were measured by plaque assay to prepare for duck

embryonic fibroblasts (DEF) infection (13).

Fibroblasts were extracted from 12-day-old Muscovy duck

embryos. Cells were plated into cell culture flasks and

maintained overnight in DMEM with 10% fetal bovine serum,

100 U/ml of penicillin, and 100 mg/ml of streptomycin at 39°C,

5% CO2.

MDCK (Madin-Darby canine kidney) cells were grown in

DMEM supplemented with 10% fetal bovine serum at 37°C and

5% CO2.

One-day-old healthy Muscovy ducks were purchased from a

commercial hatchery in Guangzhou. Congenitally avian

influenza-negative ducks were chosen by agar gel precipitation

tests and hemagglutinin inhibition (HI) assays to be

experimental animals. All experiments were carried out in

Animal Biosafety Level 3 (ABSL-3) facilities.
Infection of ducks and cells

At 4 weeks old, 42 ducks were randomly assigned into 3

groups (DK383, DK212, and mock control). In each group,

ducks were inoculated by the intranasal route with 106 EID50 in

0.2 ml of either DK383 or DK212 and 0.2 ml phosphate buffered

saline (PBS) as mock controls. After the challenge, ducklings

were observed for 14 days for clinical signs of infection. Three

ducks from each group were sacrificed at 1, 2, and 3 dpi. Their

lung tissues were collected and inoculated into SPF eggs, and

virus titers were determined as previously described (10). All

animal experiments were conducted following the guidance of

CDC’s Institutional Animal Care and Use Committee and in an

Association for Assessment and Accreditation of Laboratory

Animal Care International-accredited facility. The protocol of

animal experiments in this study had been approved by the

ABSL-3 Committee of South China Agricultural University.
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DEF cells were infected with avian influenza viruses at a

multiplicity of infection (MOI) of 0.01. Cells inoculated with

serum-free DMEM were used as mock-infected controls. After

incubation for 1 h, the cells were washed once with PBS, cultured

with maintenance media at 39°C at 5% CO2, and harvested at

12 hpi.
Protein preparation and iTRAQ labeling

Lung tissue was collected and washed with cold PBS.

Proteins were extracted by a RIPA reagent containing a

complete protease inhibitor. After vibrating several times, the

lysate was sonicated for 8 cycles of 1 s on and 1 s off on ice with a

JY96-II (Ningbo Scientz Biotechnology), then centrifuged at

12,000 g at 4°C for 10 min. Protein concentration was

measured through BCA Protein Assay Kit (Thermo Scientific).

Two biological replicates and two experimental replicates were

prepared and analyzed by iTRAQ-based HPLC-MS/MS. The

samples were prepared in our laboratory using a modified

protein digestion method (14). The proteins were reduced to

50 mM tris-(2-carboxyethyl) phosphine (TCEP) at 60°C for 1 h

and alkylation in 200 mM Methyl methanethiosulphonate

(MMTS) at room temperature for 10 min. The treated samples

were diluted with 0.5 M triethylammonium bicarbonate (TEAB)

to reduce the urea concentration to less than 2 M, followed by

trypsin digestion at 37°C overnight with an enzyme/substrate

mass ratio of 1/50. The peptides digested by trypsin were labeled

by iTRAQ 8-plex reagents according to the manufacturer’s

protocols (AB Sciex). Each sample was labeled separately with

the iTRAQ tags: For experiment 1 (Group1), the two samples

from the DK383 group were labeled with channels 114 and 115,

and the two samples from the DK212 group were labeled with

channels 116 and 117. Each tissue lysate was further prepared

individually. A similar procedure was carried out in experiment

2 (Group2), except that the single sample was exchanged with

the channels with the biological duplicate taken from groups

DK383 and DK212 to eliminate the influence of tags.
High-pH reversed-phase
chromatography

iTRAQ labeled samples were redissolved with mobile phase

A (20 mM HCOONH4, 2 M NaOH, pH 10) before HPLC on a

Gemini-NX 3u C18 110A; 150×2.00 mm Phenomenex columns.

The flow rate for reversed-phase column separation was 200 ml/
min with mobile phase A and mobile phase B (20 mM

HCOONH4, 80% CAN, 2 M NaOH, pH 10). A solvent

gradient system was conducted: 0-15 min, 5-15% B; 15-

60 min, 15-50% B; 60-80 min, 50-90% B; 80–100 min, 5% B.

The UV detector was calibrated at 214/280 nm, and fractions
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were collected every 1 min. In total, 24 fractions were pooled for

each sample and dried using a vacuum centrifuge.
RPLC-MS analysis

A linear gradient was operated for peptide separation, which

was formed from 5% ACN, 0.1% FA (mobile phase A) and 95%

ACN, 0.1% FA (mobile phase B), from 5% to 40% of mobile

phase B in 70 min at a flow rate of 300 nL/min. The eluted

peptides were performed on a TripleTOF 5600 system (AB

Sciex) in Information Dependent Mode. MS spectra were

acquired across the mass range of 350–1,500 mass-to-charge

ratio (m/z) in high-resolution mode (≥ 30,000) with 250 ms

accumulation time per spectrum. A maximum of 20 precursors

per cycle were chosen for fragmentation from each MS spectrum

with 100 ms minimum accumulation time for each precursor

and dynamic exclusion for 20 s. Tandem mass spectra were

recorded in high sensitivity mode (resolution ≥ 15,000) with

rolling collision energy on and iTRAQ reagent collision energy

adjustment on, as reported previously (15). The m/z range for

MS/MS scans was set from 100 to 1,500.
Data analysis

The raw data were converted to Protein Pilot™ 4.5 (AB Sciex)

equipped with the Paragon™ Algorithm (Revision Number:

4.5.0.0, 1654) for deep proteome analysis and protein

quantitation. TripleTOF 5600 system performs automatic

recalibration such that typical mass errors for MS and MS/MS

data were below 10 ppm. The Anas platyrhynchos database (May

7, 2014, 16,588 sequences) was downloaded from NCBI,

combined with common contaminants, and used for database

searching. The parameters for database searching were as follows:

iTRAQ 4-plex (peptide labeled) was set as sample type; MMTS

was set as the cysteine alkylation; trypsin was set as the digestion

enzyme; biological modifications and amino acid substitutions

were set as ID focus; search effort was set as “thorough”. In

Paragon™ Algorithm, iTRAQ 4-plex (peptide labeled) listed in

Protein Pilot™ 4.5 were searched simultaneously with the

tolerances specified as ± 0.05 Da for MS fragments and ± 0.1

Da for MS/MS fragments. A database search for the reversed

database was also performed to evaluate false discovery rates

(FDR) at the peptide and protein levels. Only peptide and protein

identifications with FDR < 1% were retained. In addition, a strict

cutoff for protein identification was controlled with an unused

ProtScore ≥ 1.3, which corresponds to a confidence limit of 95%,

to minimize false positive results. For iTRAQ quantitation, only

peptides marked as “Auto” in Protein PilotTM 4.5 contributed to

the protein ratio calculation. Bias correction was set as “Auto” and

background correction as “Yes” for protein quantitation results.
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The coefficient of variance (CV) was calculated in biological and

experimental replicates to assess the iTRAQ reliability. Proteins

with an iTRAQ ratio higher than 20 or less than 0.05 were not

quantified. Only proteins with at least two unique peptides and

reasonable ratios across all channels were considered quantified.

Protein quantitation values of Group1 and Group2 were obtained

by calculating the mean of iTRAQ protein ratios of biological

replicates of each group. The final protein quantitation

information based on normalization to the mean of Group1 and

Group2 (experimental replicates of this study) was used

for further data analysis. The mass spectrometry proteomics

data were deposited to the ProteomeXchange Consortium

(http://proteomecentral.proteomexchange.org) with an identifier

(PXD002719). Then the altered proteins were introduced

into DAVID 2021 (https://david.ncifcrf.gov/home.jsp) to

perform go ontology (GO) annotation and enrichment analysis.

For further analysis, the duck gene identifiers of all significantly

regulated proteins were converted to human protein gi numbers

using BLAST of NCBI. Protein gi numbers and regulation

values were imported into the Ingenuity Pathway Analysis

software (IPA, www.ingenuity.com) for pathway analysis and

network construction.
Western blot

Treated cells were scraped and re-suspended in a cold RIPA

buffer. Protein quantification was measured using the Pierce®

BCA protein assay kit (Thermo Scientific). Western blot analysis

was performed as described (16) by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE), using primary

antibodies: anti-GAPDH (Bioworld Technology), anti-Akt

(Sigma-Aldrich), anti-phosphorylated Akt (Bioworld

Technology), anti-mTOR (Cell Signaling Technology), anti-

phosphorylated mTOR (Cell Signaling Technology), anti-

p70S6K (Santa Cruz), anti-phosphorylated p70S6K (Cell

Signaling Technology), anti-phosphorylated rpS6 (Cell Signaling

Technology), anti-phosphorylated 4EBP1 (Cell Signaling

Technology), anti-HSP90a (Bioworld Technology), anti-desmin

(Santa Cruz), anti-b-actin (Bioworld Technology), and anti-

caplain-1 (Novus). Membranes were washed in TBST and

incubated with DyLight488-conjugated goat anti-rabbit IgG or

rabbit anti-mouse IgG (1:10000, Rockland) for 1 h. Membranes

were then washed in TBST and visualized using the Odyssey

Infrared Imaging system (Licor Biosciences).
RNA and cDNA preparation

DNase-treated total RNA was isolated from lung tissue at 3

dpi using Direct-zol™ RNA MinPrep according to the

instructions provided by the manufacturer (Zymo Research).

Reverse transcription (RT) was conducted using the

PrimeScript™ RT Reagent Kit (Takara).
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Quantitative real-time PCR (qRT-PCR)

qRT-PCR was performed using the QuantiNova™ SYBR®

Green PCR kit (Qiagen). Primers were designed by the software

Primer3 Web (http://bioinfo.ut.ee/primer3/) based on published

target sequences and previously mentioned (7, 10). Primer pairs

(Table 1) were selected based on specificity determined by

dissociation curves. The levels of PCR products were

monitored using a 7500 Fast Real-Time PCR system (Applied

Biosystems). PCR conditions were as follows: 95°C for 2 min,

followed by 40 cycles of 95°C for 5 s, and 60°C for 32 s.

Dissociation curves of the products were generated by

incrementally increasing the samples’ temperature from 55°C

to 100°C as the final step. For assay validation, purified products

were cloned into pMD18-T (Takara) and sequenced to verify the

specificity of target amplification.
Statistics analysis

Expression fold change of target genes in the infected group

versus those in the control group was determined by the 2−DDCt

method using the duck housekeeping gene glyceraldehyde-3-

phosphate-dehydrogenase (GAPDH) as the endogenous

reference gene to normalize the level of target gene expression

(10). Standard deviations were calculated using the fold change

values of three replicates for each gene. Comparisons on virus

titer in lung tissues and qRT-PCR data were conducted for

statistical analyses by GraphPad Prism 5 software (GraphPad

Software, Inc.).
Results

In this study, the ducks were infected separately by two

H5N1 HPAI strains, DK383 or DK212, and initially used iTRAQ

8-plex reagent to investigate the host proteome response to the

H5N1 HPAI virus. To compare disease progression, samples

from 1, 2, and 3 dpi were selected to evaluate virus load. DK383

replicated to a much greater extent within the lungs than DK212

and reached the peak, particularly at 3 dpi. This result was
TABLE 1 Primers used for qRT-PCR in this study.

Primer
name

Sequence (5’-3’) Genbank accession
number

IL-6F TTCGACGAGGAGAAATGCTT JQ728554.1

IL-6R CCTTATCGTCGTTGCCAGAT

TNF-aF ATGAACCCTCCTCCGTACAC EU375296.1

TNF-aR TCTGAACTGGGCGGTCATAA

IL-10F GGGGAGAGGAAACTGAGAGATG JN786941.1

IL-10R TCACTGGAGGGTAAAATGCAGA
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consistent with our previous results (Figure 1). DK383 could

cause a more productive infection and replicate more efficiently

than DK212 (10, 12). Ducks in the DK383 group displayed more

severe symptoms than those in the DK212 groups within 3 dpi.

Signs included hemorrhages of the beak, torticollis, anorexia,

depression, neurological symptoms on day 3 p.i., and death on 4

dpi. However, no ducks exposed to DK212 died or showed

clinical signs of infection. Altogether, lung tissues of DK383 and

DK212 at 3 dpi were designated for later proteomics analysis.
Reproducibility assessment of protein
identification among replicates and
determination of the cutoff value

Two independent iTRAQ experiments were conducted as

experimental replicates on day 3 p.i. in different virulence of

H5N1 influenza virus infection. Two animals of each group were

analyzed in separate iTRAQ channels as biological replicates.

Peptides and proteins were retained according to the values of

FDR and unused ProtScore. We then assessed biological and

experimental replicates by calculating the coefficient of variance

(CV) (17) when the recommended cutoff point of biological

replicate is at ± 50% variation, the coverages of Group1 and

Group2 in protein quantification were 86% and 92%,

respectively (Supplementary Figure 1). While the cutoff point

at ± 50% variation for experimental replicate between Group1

and Group2, an 86% coverage interval in protein quantification

was recorded (Supplementary Figure 2), which indicated greater

proteome coverage and precise quantification (18).

Overall, peptides from biological and experimental replicates

were pooled and characterized using a cutoff CV of 0.5. iTRAQ

ratios of protein expression higher than 20 or lower than 0.05
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were not considered in the further analysis. Altogether, 16,680

peptides were acquired in the two independent experiments, of

which 74.6% of Group1 and 64.8% of Group2 were detected.

Correspondingly, 3,000 proteins were identified, in which 90.5%

of Group1 and 82.3% of Group2 were detected. From this total,

2,459 proteins were quantified across both experimental

replicates, in which 89.6% of the Group1 and 94.4% of Group2

were detected (Supplementary Figure 3), for a final 85.1%

reproducibility, implying that there were high correlation rates

between both biological replicates and experimental replicates.

The quantified proteins in two replicates fit a Gaussian

distribution based on the ratios (Figure 2). The ratio

distribution was narrow, with a mean of 1.034 and a standard

deviation (SD) of 0.1986. According to traditional statistics,

0.6107 and 1.389 were considered significant differences (P ≤

0.05), which were located at the lower and upper bound,

respectively. To reduce the omission of some valuable

information, we slightly expanded the range of analysis.

Eventually, proteins with expression ratios ≥ 1.3 or ≤ 0.7 were

recognized as significantly up- and down-regulated, respectively.

As a result, 297 proteins were differentially expressed, including

222 up-regulated and 70 down-regulated proteins.
Bioinformatics analysis of overexpressed
proteins

To identify the host protein function manipulated by two

H5N1 HPAI strains in this study, GO term enrichment analysis

of the differentially expressed genes was carried out. In biological

process terms, the up-regulated proteins may involve in

phagocytosis, actin polymerization or depolymerization,

translation, and peptide biosynthetic process, while the down-

regulated proteins only may participate in purine-containing

compound metabolic process, purine-containing compound

metabolic process, and small molecule metabolic process. In

molecular function terms, the L-ascorbic acid binding,

monosaccharide binding, and structural constituent of

ribosome were enriched in the up-regulated proteins, whereas

sugar-phosphatase activity, carbohydrate phosphatase activity,

and unfolded protein binding were enrichment in the down-

regulated proteins (P ≤ 0.05, Figure 3 and Supplementary

Table 1). Since the duck genome database has inadequate

annotation by contrast with the human genome, many

proteins are uncharacterized or unknown. Each identifier of

the altered proteins in Supplementary Table 1 was converted to

its corresponding human protein gi number. Protein gi numbers

and expression ratios were imported into the IPA tool, and a

global molecular network and pathway were then developed

from information previously reported based on the underlying

biological evidence, such as protein interactions, regulation of

expression, etc. We discovered that the previously characterized

proteins were assigned to 26 diseases or functions annotation.
FIGURE 1

Virus titers in the lung of Muscovy ducks infected with DK383
and DK212 at 1, 2, and 3 dpi. Virus titers were calculated as
means of standard deviation in log10 EID50/g of tissue. * and ***
indicated significant differences with P ≤ 0.05 and P ≤ 0.001.
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This bio function classification was identified at statistically

significant levels (P ≤ 0.05) displayed in Figure 4A, with

additional data shown in Supplementary Table 2. The multiple

protein clusters were predicated on being activated or up-

regulated in the DK212 group compared with the DK383

group, including cell movement, maturation of dendritic cells,

immune response of macrophages, chemotaxis of endothelial

cells, and adhesion of phagocytes. By contrast, proteins in these

clusters were predicated on being up-regulated in the DK383,

including the immune response of neutrophils, the number of

filaments, and the size of cells. The most relevant canonical

pathways following the influenza virus infection included eIF2

signaling, Fcg receptor-mediated phagocytosis in macrophages

and monocytes, CD28 signaling in T helper cells, production of

nitric oxide, and reactive oxygen species in macrophages,

mitochondrial dysfunction, and mTOR signaling. (P ≤ 0.05,

Figure 4B and Supplementary Table 2). It is suggested that the

H5N1 virus may involve manipulation and interference with

immune regulatory mechanisms.

The proteins significantly regulated were subject to regulatory

network analysis, which may further the investigation of possible
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links between influenza virus infection and diseases such as acute

lung injury. Network analysis suggested these proteins were

mapped to 10 specific functional networks (Figure 5 and

Supplementary Table 2). The three networks of interest

correspond to (1) RNA posttranscriptional modification, cancer,

and cell cycle; (2) infectious disease, energy production, and lipid

metabolism; (3) hereditary disorder, neurological disease, and free

radical scavenging.
Validation of identified candidates by
western blot

To confirm the protein quantification, immunoblotting

analyses were carried out on a series of protein candidates

extracted from lung tissues of DK383 and DK212 ducks.

Although there are insufficient antibodies to be appropriately

used for the quantified proteins, the results in Figure 6

demonstrated the ratios of the four representative proteins

(HSP90a, desmin, b-actin, and caplain-1) were consistent with

those data obtained from iTRAQ-identified candidates.
FIGURE 2

Histogram distribution of expression ratios of quantified proteins. The Red line indicates the cumulative percentage of proteins.
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Akt/mTOR/p70S6K pathway is involved
in the duck proteome response to
influenza virus infection

As mentioned above, mTOR signaling was highlighted in the

canonical pathway analysis. Several proteins in this pathway

formed a group whose abundance differed between DK212 and

DK383 infected ducks. For example, eIF3M, RPS8, RPS5, and

RPS4X are downstream elements of mTOR signaling

(Supplementary Table 2). The proteins were up-regulated in

the DK212 group, indicating that mTOR signaling may be

promoted more obviously than in the DK383 group. As

reported previously, moderate mTOR phosphorylation induces

a protective effect in influenza virus-infected cells (13). Because

the sample pooling strategy could reduce the biological variation,

increasing the power to detect changes (19). For each condition,

pooled samples consisting of three biological replicates were

collected. To measure whether members of mTOR signaling

were activated in H5N1 virus-infected lung tissues, lysates from

these pooled samples were evaluated by western blot. As

illustrated in Figure 7, robust phosphorylation in Akt (Ser473)

and mTOR (Ser2448) were observed after the duck lung tissues

were treated with DK383 and DK212 at 3 dpi compared with the
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control, which demonstrated the activation of the Akt/mTOR

pathway. p70S6K is considered an important component of

mTOR signaling, and our results demonstrated that

phosphorylation in p70S6K (Thr389) was not detected.

However, rpS6, downstream of p70S6K, showed enhanced

phosphorylation. DK212 infection dramatically induced

phosphorylation of rpS6 compared with DK383. This

phenomenon indicated facilitating the initiation of

mRNA translation and further confirmed the activation of the

mTOR pathway. These findings were further validated by

comparing them to these proteins of mTOR signaling in

influenza-infected DEF. As expected, we observed that DK212

and DK383 both markedly increased the levels of p-Akt

(Ser473), p-p70S6K (Thr389), and p-rpS6 (Ser235/236). When

the cells were treated with DK212, these phosphorylated

proteins significantly increased too much higher than those

observed in cells treated with DK383 (Figure 7). Meanwhile,

there was no significant difference between each group in

phosphorylated 4EBP1, the other substrate of mTOR.

Therefore, amplified phosphorylation of proteins in the Akt/

mTOR/p70S6K pathway revealed a host response that negatively

regulated this signaling cascade after infection by a virulent

H5N1 virus.
A

B D

C

FIGURE 3

GO enrichment analysis of the differential proteins. The biological process and molecular function terms enrichment results of up-proteins
(A, B) and down-regulated proteins (C, D) were conducted by DAVID. More information is available in Supplementary Table 1. The figure was
created with ImageGP (http://www.ehbio.com/ImageGP/).
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Akt/mTOR/p70S6K pathway controls
cytokine bias

As we all know, mTOR complexes regulate metabolic

processes of cells, including protein synthesis (20). Innate or

adaptive immune signals could trigger the Akt-mTOR-p70S6K

signaling cascade in innate immune cells. mTOR activation can

inhibit the proinflammatory molecules, such as IL-6 and tumor

necrosis factor-alpha (TNF-a), and also boost the production of

anti-inflammatory cytokines such as interleukin-10 (IL-10) (21).

Due to a limited number of appropriate reagents to measure

these cytokines of ducks in the serum, mRNA levels of the core

proteins were used to evaluate by qRT-PCR. A significant

increase in mRNA levels of IL-6 was observed at 3 dpi, and

the IL-6 expression in DK383 infected group was higher than

that of the DK212 infected group, which was previously

described (10). A similar pattern was found in TNF-a mRNA

levels after infection by the virulent H5N1 virus DK383.

However, the level of IL-10 mRNA was remarkably lower in

DK212 infected lung tissue (Figure 8). As reported in the earlier
Frontiers in Immunology 08
38
study (22), the differences in cytokine production did not

correlate with gene expression. Hence, the cytokine biasing

reported in response to virulent H5N1 virus may involve

posttranscriptional gene expression regulation.
Discussion

Prior work has focused on the host response to influenza

virus infection in RNA expression profiles within the duck

model. However, several proteomic analyses have been

implemented in the influenza virus-host interactomes.

This study provided a comprehensive analysis describing the

host proteomes of ducks during infection with the H5N1 virus.

An unbiased strategy-iTRAQ, combined with HPLC-MS/MS,

enhanced the proteome coverage and protein specificity.

The duck genome database annotation development also

facilitated the broadened identification of peptides and

proteins (11). H5N1 viruses have employed various strategies
A

B

FIGURE 4

(A) bio-function analysis results of proteins with differential expression. The circle indicates increased effects on the function predicated by IPA,
and the triangle indicates that the biological process or disease is trending towards a decrease; (B) enrichment of canonical pathways
within each category was determined using IPA software. More information is available in Supplementary Table 2. The figure was created
with ImageGP.
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to regulate innate and adaptive immune responses to

establish productive infections in an individual. While proteins

involved in the immune response of neutrophils and the size of

cells were elevated significantly in the lung by the virulent virus
Frontiers in Immunology 09
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DK383, the avirulent virus DK212 induced a distinct

response characterized by an increase in proteins that

participated in cell movement, maturation of dendritic cells,

adhesion of phagocytes, and immune response of macrophages.
A B

C

FIGURE 5

IPA of proteins that were significantly altered to construct specific functional networks. Red, up-regulated proteins; green, down-regulated
proteins; white, proteins known to be in the Ingenuity Pathways Knowledge Base but were not identified in this study. The color depth indicates
the magnitude of the change in protein expression level. The shapes indicate the molecular class (i.e., protein family). Lines connecting the
molecules imply molecular relationships. Dashed lines indicate indirect interactions, and solid lines indicate direct interactions. The arrow styles
mean specific molecular relationships and the directionality of the interaction. (A) RNA posttranscriptional modification, cancer, and cell cycle;
(B) infectious disease, energy production, and lipid metabolism; (C) hereditary disorder, neurological disease, and free radical scavenging.
FIGURE 6

Western blot analyses of the representative proteins. Ratios of each protein between DK212 and DK383 were determined by iTRAQ. Compared
with the DK383 group, decreased expression was observed for HSP90a, increased expression was found for desmin, and the expression of
b-actin and caplain-1 were not altered in the DK212 group.
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There is increasing evidence for a critical role in the

“maturation of dendritic cells” at the onset of antiviral

immunity. Contrasting with a seasonal virus, the pandemic

H1N109 influenza virus failed to induce substantial dendritic

cell maturation (23). DK212 infection substantially repressed

CD36, THBS1, and SERPINA1 expression, which might prevent

the maturation of immature dendritic cells. ITGB2, LYN, and
Frontiers in Immunology 10
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STAT1 were up-regulated by comparison with DK383,

suggesting that the virulent virus might impede this biological

process. Compared with low pathogenic H1N1 (PR8) in infected

human monocyte-derived macrophages, the H5N1 HPAI virus

revealed an insufficient innate immune response. This strategy

contributes to virus spreading and progression to the systemic

stage of disease (24). The bio-function “adhesion of phagocytes”,
A B C

FIGURE 8

qPCR expression analysis of proinflammatory cytokine IL-6 (A) and TNF-a (B) and anti-inflammatory cytokine IL-10 (C) in the lungs of infected
duck with the two HPAIVs at 3 dpi. Gene expression was normalized to the GAPDH gene expression level and is presented as the fold change
relative to the level for the control group. Error bars indicate standard deviations. (*) P ≤ 0.05 and (**) P ≤ 0.01 compared with the result for
DK212, respectively.
A B

DC

FIGURE 7

Immunoblot analysis of mTOR pathway activation in duck lung tissues at 3 dpi DEF lysates at 12 hpi infected with DK383 or DK212. Total and
phosphorylation levels of Akt, mTOR, and p70S6K are shown in lung tissues (A) and DEF (B); (C) shows phosphorylation of rpS6 in lung tissues;
(D) shows phosphorylation of 4EBP1 and rpS6 in infected DEF. Densitometry of signal intensity of the phosphorylation protein normalized to the
corresponding total protein was labeled under each band. The mock-infected group was used as the negative control.
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“cell movement”, and “immune response of macrophages” were

significantly regulated in DK212, which indicated the avirulent

virus might have a positive effect on the immune response to

eliminating pathogen. Moreover, the neutrophils ameliorate

lung injury and facilitate the development of severe disease

during influenza infection (25). Thus, the categories “immune

response of neutrophils” and “size of cells” were dramatically

elevated, which may aggravate the tissue injury.

To mine our data, we applied IPA software to determine

which signaling pathways were enriched in each group. We

discovered that multiple members in the pathways of eIF2

signaling, Fcg receptor-mediated phagocytosis in macrophages

and monocytes, and CD28 signaling in T helper cells were up-

regulated in DK212. In eukaryotic cells, induction of the eIF2

signaling pathway occurs following infection with pathogens.

Bacterial virulence factor YopJ reduced eIF2 signaling to repress

proinflammatory cytokine expression and be susceptible to

bacterial invasion. Viral infection also activates eIF2-mediated

translation control. This effect causes a decrease in general

protein synthesis and reduces viral replication while enhancing

the translation of specific stress-related mRNA transcripts, such

as ATF3 and CHOP. The highly conserved eIF2 signaling

pathway is vital for antiviral responses (26). Meanwhile, Fc

receptor-mediated phagocytosis plays a pivotal role in the

clearance of influenza virus infections (27). The costimulatory

pathway CD28 signaling is essential for activating helper T cells

and protective immunity to influenza infection (28). Taken

together, it appears that down-regulation of these pathways

may promote the evasion of the host immune responses for

productive infection in DK383.

The mTOR signaling pathway was up-regulated in DK212

compared with DK383. Akt/mTOR/p70S6K pathway plays a

vital role in regulating immune function and protein translation

in response to environmental stress, such as infection. Our data

indicated that infection of lung tissue and DEF with either a

highly virulent or avirulent H5N1 virus favored ubiquitinylation

of Akt, mTOR, p70S6K, and rpS6. The avirulent virus-induced

mTOR pathway more noticeably than the virulent virus

indicates that this pathway was differentially regulated in

response to influenza infection. In the previous research,

alterations in phosphorylation of the PI3K/Akt/mTOR

signaling pathway suggests that influenza viruses highjack the

host response responsible for aiding viral replication and

pathogenesis (29). Suppression of mTOR function inhibited

translation and boosted proinflammatory cytokine secretion

(22). Influenza A virus NS1, a known multifunction protein,

has been reported to activate Akt phosphorylation (30). This

phenomenon indicates NS1 may serve as an inducer of mTOR.

However, NS1 has a negligible influence on the accumulation of

mTOR in the H1N1-infected cells (31). In the duck model, it is

unknown whether the regulator of NS1 in cells infected with the
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H5N1 virus is analogous to the effect of H1N1. Therefore,

further work should be directed to understand the precise

regulatory mechanism better.

To gain a more detailed understanding of changes in host

response proteome during H5N1 virus infection, we focused on

an early infection event about interferon (IFN) response by

searching the known interferon-stimulated genes to determine

which might be associated with influenza virus infection.

Influenza virus NS1 protein can impair antiviral IFN response

by antagonizing RIG-I’s ubiquitination (32). Our results

demonstrated that many tripartite motif-containing proteins

(TRIM) were up-regulated in the DK212, which could mediate

ubiquitination and enhance innate immune signaling, including

TRIM10, 25, and 47. Most importantly, TRIM25 can augment

the production of biologically functional, antiviral cytokines and

reduce virus replication (33). Meanwhile, the expression of the

final effector STAT1 in the IFN response pathway was markedly

increased at 3 dpi. It may be reasonable to assume that the

DK212 group could have induced more robust antiviral

immunity than the DK383 group.

In contrast to Lys172 residue of human RIG-I critical for

efficient TRIM25-mediated ubiquitination, duck RIG-I activated

by TRIM25 is independent of anchored ubiquitin (34, 35).

However, little is known about whether TRIM25 was regulated

differentially by NS1 proteins of various virulent strains. This

finding is promising and should be explored in the next stage.

Not all genomic and proteomic data were in good agreement

(36). Discrepancies that are always difficult to explain might

provide objective answers concerning influenza virus

pathogenesis. Future advances in biological system analyses

integrating these approaches will potentially refine our

understanding of the influenza virus infection.

In conclusion, in the present work, an iTRAQ-based

quantitative proteomics strategy was developed to dissect

Muscovy duck lung tissue infected by H5N1 HPAI viruses to

quantify changes in host protein expression. Bioinformatics

analysis of these proteomics data suggested multiple signaling

pathways may be involved in the host response to H5N1 HPAI

viruses, which provide insights into the mechanisms of infection.

To validate our results, Akt/mTOR/p70S6K pathway was

confirmed to be activated during the infection of H5N1 HPAI

viruses. In summary, our data highlights the interaction between

the H5N1 HPAI virus and the host and may help to elucidate the

potential mechanism of pathogenicity and inflammation.
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Exploration of PDCoV-induced
apoptosis through
mitochondrial dynamics
imbalance and the antagonistic
effect of SeNPs

Zhihua Ren1,2†, Yueru Yu2†, Xiaojie Zhang2†, Qiuxiang Wang2,
Junliang Deng2, Chaoxi Chen3, Riyi Shi4, Zhanyong Wei1*

and Hui Hu1

1College of Veterinary Medicine, Henan Agricultural University, Zhengzhou, China, 2Key Laboratory
of Animal Disease and Human Health of Sichuan Province, College of Veterinary Medicine, Sichuan
Agricultural University, Chengdu, China, 3College of Animal and Veterinary Sciences, Southwest
Minzu University, Chengdu, China, 4Department of Basic Medical Sciences, College of Veterinary
Medicine, Weldon School of Biomedical Engineering, Purdue University, West Lafayette, IN,
United States
Porcine Deltacoronavirus (PDCoV), an enveloped positive-strand RNA virus

that causes respiratory and gastrointestinal diseases, is widely spread

worldwide, but there is no effective drug or vaccine against it. This study

investigated the optimal Selenium Nano-Particles (SeNPs) addition

concentration (2 - 10 mg/mL) and the mechanism of PDCoV effect on ST

(Swine Testis) cell apoptosis, the antagonistic effect of SeNPs on PDCoV. The

results indicated that 4 mg/mL SeNPs significantly decreased PDCoV replication

on ST cells. SeNPs relieved PDCoV-induced mitochondrial division and

antagonized PDCoV-induced apoptosis via decreasing Cyt C release and

Caspase 9 and Caspase 3 activation. The above results provided an idea and

experimental basis associated with anti-PDCoV drug development and

clinical use.

KEYWORDS

Porcine Deltacoronavirus, selenium nano-particles, apoptosis, mitochondrial
dynamics, swine testicular cells
Abbreviations: Caspase, Cysteinyl aspartate specific proteinase; Cyt C, Cytochrome C; Drp1, Dynamin-

like protein1; Fis1, Mitochondrial fission protein1; LLC-PK, LLC porcine kidney cell line; Mfn1/2,

Mitofusin1/2; OPA1, Optic Atrophy1; PDCoV, Porcine deltacoronavirus; qPCR, Quantitative Real-time

PCR; SeNPs, Selenium Nano-Particles; ST, Swine testis; WB, Western Blotting.
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Introduction

Porcine Deltacoronavirus (PDCoV), an enveloped RNA

virus, is a swine gastrointestinal pathogenic virus. Infection

with the virus causes diarrhea, dehydration, and vomiting in

sows and piglets (1–3). PDCoV was first detected in Hong Kong,

China, in 2012 (4) and has spread to many regions and countries

worldwide (5–10), causing colossal impact and economic losses

to the global swine industry. In recent years, many studies have

reported the isolation of PDCoV from other species, such as

cattle and poultry (11–13). In addition to infecting animals,

researchers identified PDCoV, which come from two distinct

viral lineages in plasma samples of three Haitian children with

acute undifferentiated febrile illness (14). These indicate that

PDCoV has the capability of cross-species transmissions, which

deserve high priority. Furthermore, studies have reported that

added trypsin could increase virus titer, accompanied by visible

CPE compared to no or lower trypsin concentrations (15, 16).

Apoptosis is programmed cell death that reduces the size of

apoptotic cells, chromatin consolidation in the nucleus, and

degradation and fragmentation of DNA under physiological or

pathological conditions (17, 18). PDCoV infection induces tissue

or cell apoptosis. Duan et al. detected a great number of

apoptotic signals in the jejunum and ileum of pigs infected

with the PDCoV strain CHN-HN-1601 by oral administration

with 1 × 106 TCID50 (19). The experiment of Jung et al. showed

that piglets inoculated orally with 8.8 - 11.0 log10 genomic

equivalents (GE) of US PDCoV strain OH-FD22 do not

induce apoptosis in gut cells but induce LLC-PK and ST cells

apoptosis in vitro (1). Therefore, the effect of this virus on

apoptosis deserves further study.

Cytochrome C (Cyt C) is a crucial apoptotic signaling

molecule, and its release from mitochondria is a key event in

apoptosis (20). Cyt C released into the cytoplasm binds to

Apoptosis protease activating factor-1 (Apaf-1) to form an

apoptotic complex, which activates Caspase 9 and Caspase 3

to activate the apoptotic cascade pathway and ultimately induce

apoptosis (21, 22). Mitochondria are important organelles in

cells. Many studies have shown that the abnormal function of

mitochondria is closely related to the occurrence of apoptosis.

According to previous studies, approximately 15% of Cyt C is

bound to the outer and inner membrane of the mitochondrial

membrane gap in a normal physiological environment. Still, this

binding is not tight and is easily separated by external stimuli.

The remaining 85% of Cyt C is located in the mitochondrial

cristae (23, 24), and Cyt C release is associated with

mitochondrial dynamics homeostasis and its associated

proteins. Mitochondrial dynamics is an important event that

affects the morphology and number of mitochondrial networks;

this process is regulated by mitochondrial fission proteins (Drp1,

Fis1) and mitochondrial fusion proteins (Mfn1, Mfn2, and

OPA1); when the dynamic balance of mitochondria is

disrupted, it can lead to changes in mitochondrial morphology
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and number or structural damage, which affects many biological

processes, including apoptosis (22).

Selenium is a trace element that is essential in the body and

inhibits the replication of many viruses, making it an excellent

candidate for treating viral infections. According to research,

selenium-deficient mice are more susceptible to Coxsackie virus

B (CVB) and influenza virus (IV), as well as having more severe

organ and tissue damage (25, 26). Furthermore, the cure rates of

the new coronavirus (SARS-CoV-2) is strongly related to

selenium intake and status in different Chinese areas

(27). Serum selenium levels are linked to the prognosis of

Corona Virus Disease 2019 (COVID-19), and higher serum

selenium levels are related to a higher cure rate (28). In a

previous study by our group, it was discovered that Se-Met

inhibited PDCoV replication in vitro, and selenium could

alleviate the viral infection-induced oxidative stress, and

increased the levels of various cytokines in host cells, boosting

the level of cellular immunity to inhibit virus replication (29). To

sum up, selenium may be a promising drug for treating COVID-

19 and other virus infections, allowing for the development of

new and highly effective antiviral drugs. Furthermore, Selenium

Nano-Particles (SeNPs) are characterized by high activity, low

toxicity, and easy absorption by the human body, and exhibit

good antiviral activity against dengue virus (DENV) in Hela and

HepG2 cells (30). SeNPs has powerful antioxidant and

cytotoxicity-reducing properties (31). On the one hand, SeNPs

can promote apoptosis of cancer cells in vitro through the

mitochondrial pathway (32), and on the other hand, they have

antioxidant, anti-oxidative stress, and anti-apoptotic effects on

focal tissues (33). In addition, SeNPs can reduce mitochondrial

dysfunction in disease states, thereby reducing apoptosis (34).

We cultured swine testis (ST) cells in vitro, performed and

compared the optimal trypsin addition concentration in

PDCoV infection, and investigated the potential relationship

between mitochondrial homeostasis-related proteins and

apoptosis and apoptotic proteins under PDCoV infection, as

well as the effect of SeNPs addition on virus replication

and apoptosis, providing a theoretical foundation for

drug research and development and clinical medication

against PDCoV.
Materials and methods

Cells and virus

Porcine testicular cells were cultured with 90% DMEM high

sugar medium, 9% fetal bovine serum, 1% Penicillin-

Streptomycin-Mycoplasma Removal Agent Solution, incubated

at 37°C. The PDCoV HNZK-04 strain (GenBank accession no:

MH708124.1) isolated and preserved according to the method of

Jin (35) et al. was used in this experiment. ST cells were infected

with PDCoV (MOI=0.07).
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Drugs

SeNPs were purchased from Yantai Jialong Nano Industry

Co., Ltd., lot 202107027, 100g, red liquid. Trypsin (powder) was

purchased from Sigma Aldrich.
Characterisation and identification
of SeNPs

SeNPs were characterized using transmission electron

microscopy (TEM) and Energy Dispersive X-ray (EDX). TEM

was used to observe the morphological structure of the SeNPs,

including shape and size, and EDX was used to identify some of

the elements. The experimental characterization was carried out

at the Fuda testing group in Shanghai.
CCK-8 assay for cytotoxicity of trypsin
and SeNPs

The CCK-8 method was used to assess the cytotoxicity of

trypsin and SeNPs in vitro. A control group (cells and culture

medium) and a test group (cell culture medium, trypsin, or

SeNPs) were set up. In 96-well plates, cells were seeded and

incubated overnight. After two D-Hanks washes, trypsin was

added at 2, 3, 4, 5, 6, 7, 8, 9, and 10 mg/mL (n=6). After

washing the cells twice with D-Hanks solution, CCK-8 solution

was added, and absorbance at 450 nm was measured using an

enzyme marker. After pre-experimentation, SeNPs were added to

the culture medium at final concentrations of 0, 1, 2, 4, 6, 8, 10, 12,

14 mg/mL. The preceding experimental steps were followed.
The detection of viral replication and
mitochondrial dynamics related-protein
mRNA expression by RT-qPCR

Total cellular RNA was extracted using the traditional Trizol

method. cDNA was synthesized and amplified using the

TransScript All-in-One First-Strand cDNA Synthesis

SuperMix for the qPCR kit, and cDNA was quantified in the

CFX Connect real-time PCR detection system (BIO-RAD).

Relative gene expression levels were calculated using Equation

2-(DDCt) (using b-actin as the reference gene). Primers were

designed according to the NCBI database, and Primer Premier

5 software and the primer sequences shown in Table 1 were pre-

experimentally screened.

The experiment “The effect of trypsin on PDCoV-infected

ST cells” was divided into two groups: virus (respectively added

1, 2, 3 and 4 mg/mL trypsin) and control and PDCoV replication

were measured 48 h after viral infection (n=6).
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The experiment “The mRNA expression of mitochondrial

dynamics-related proteins in ST cells after PDCoV infection”

was divided into two groups: virus and control, and RT-qPCR

assays were performed at 6, 24, and 48 h after PDCoV

infection (n=6).

The experiment “The inhibitory effect of SeNPs on PDCoV

replication” was divided into four groups: virus, virus plus 2mg/
mL SeNPs, virus plus 4mg/mL SeNPs and virus plus 8mg/mL

SeNPs. RT-qPCR was used to assess intracellular viral

replication 6, 24, and 48 h after PDCoV infection (n=6).
Infectivity of PDCoV on ST cells at
different trypsin concentrations by
indirect immunofluorescence assay

The cells were seeded with cell slides, and after culturing for

a certain time, the slides were stained, and the fluorescence was

observed using an Olympus inverted biological microscope.

The test was grouped into control and viral groups and

tested at 48 h post-infection.
Western blotting detects the expression
of ST cell apoptosis-related proteins and
mitochondrial dynamics-related proteins
after PDCoV infection

Total Protein: Cellular proteins were extracted according to

the extraction kit, and concentrations were determined using the

BCA Protein Concentration Assay Kit. Mitochondrial proteins:

the cell pellet was collected after the cells were digested,

triturated 30 - 40 times on ice with a homogenizer added to

HEPES solution, and after multiple centrifugal cleavages, the
TABLE 1 Primer sequence.

Gene name Sequence (5’-3’)

Mpro F: CTTATTCTGCTTTGGCTGCTC

R: GGATATGAAGGTTAGTACGGC

b-actin F: GGCACCACACCTTCTACAACGAG

R: TCATCTTCTCACGGTTGGCTTTGG

Drp1 F: AATTGAGGCCGAGACAGACC

R: GGAACTCGATGTCAGGAGGC

Fis1 F: ACAGAGCCACAGAACAACC

R: AGTCCAATGAGTCCAGCC

Mfn1 F: AAGGAACGGATGGAGATAAAGC

R: TGCGACCAAAACGAAGACATC

Mfn2 F: GGGCATTCTCGTTGTTGG

R: AGCTTCTCGCTGGCGTACT

OPA1 F: CGAAAGAACCTTGAATCCC

R: AATAGAAGCCTCTCCGACA
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supernatant was collected to determine the protein

concentration using a BCA protein concentration assay kit.

The experiment “Effect of SeNPs on the expression of

mitochondrial dynamics-related proteins in ST cells after

PDCoV infection” was grouped into virus ,control, SeNPs, and

virus plus SeNPs groups, andWB assays were performed at 6, 24,

and 48 h (n=3).

The experiment “Effect of SeNPs on the expression of

apoptosis-related proteins in PDCoV-infected cells” was

divided into four groups: control, virus, SeNPs, and virus plus

SeNPs groups, with WB assay at 6, 24, and 48 h (n=3).
Flow Cytometry- Annexin-FITC/PI
double-staining assay for apoptosis
detection

Cells were stained according to the Annexin V-FITC

Apoptosis Detection Kit (Wuhan servicebio Technology Co.,

Ltd.), followed by 100 - 200 mL cell suspension for apoptosis

detection using flow cytometry FITC and PE passages, with

blank and isotype control tubes first, followed by tubes to be

tested. Flowjo V10 software was used to analyze the results.

The test “Inhibition of PDCoV-induced ST cell apoptosis by

SeNPs”was divided into control, virus, SeNPs, and virus plus SeNPs

groups and assayed by flow cytometry at 6, 24, and 48 h (n=3).
Statistical analysis

The test results are expressed as mean ± standard deviation.

The experimental data were sorted and unified in Excel, and SPSS

21.0 software was used for significant difference analysis, and the

least significant difference (LSD) method was used to compare the

data, respectively. P < 0.05 indicates statistical significance.
Results

Optimal trypsin concentration selected
under PDCoV infection

The addition of trypsin at ≤ 4 mg/mL had a non-significant

promotion effect on ST cell viability compared to the control

group (P > 0.05), while the addition of trypsin at ≥ 5 mg/mL

inhibited the growth of ST cells, with a significant difference

between 7 - 10 mg/mL of trypsin (P < 0.01) (Figure 1). Based on

the results of the CCK-8 test, settings of 1, 2, 3, and 4 mg/mL of

trypsin were used for subsequent tests.

Following that, we looked at the expression of PDCoV M

protein mRNA at various trypsin concentrations. As shown in

Figure 2, in the concentration range of 1 - 4 mg/mL, viral

replication increased significantly (P < 0.01) with the increase
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of trypsin concentration compared to the group without trypsin,

in which the viral replication was highest after the addition of 4

mg/mL trypsin, about 70.4 times higher than that of the group

without trypsin.

To further confirm the optimal trypsin concentration for

PDCoV infection of ST cells, we used the indirect

immunofluorescence method to observe the infection of ST

cells by PDCoV after adding different concentrations of

trypsin. As shown in Figure 3, the cells with different

concentrations of trypsin added could all observe obvious

green fluorescence, whereas no fluorescence was observed in

the group of cells without added trypsin; and the density of

fluorescence increased with the increase of trypsin concentration

in the range of 1 - 4 mg/mL, indicating that the higher the

concentration of trypsin, the higher the expression of N protein,

i.e., the more ST cells were infected with PDCoV. The density of

cells infected with PDCoV was greatest at a trypsin

concentration of 4 mg/mL, and therefore the addition of 4 mg/
mL of trypsin was chosen for all subsequent experiments.
Characterisation of SeNPs

The nanoparticles were subsequently analyzed by EDX

(Figures 4, 5). The characteristic absorption peaks of SeNPs were

present in the spectra at 1.37, 11.22, and 12.49 keV, respectively. in

addition, signals of elements such as C and Owere also present. the

SeNPs The concentration of SeNPs was 2.8 mg/mL.
Assay SeNPs on cell viability

The cytotoxicity of SeNPs to ST cells in the range of 0 - 14

mg/mL (as determined by pre-experiment) was assessed using

the CCK-8 method. As a result, SeNPs were not significantly

cytotoxic in the range of 0 - 8 mg/mL, and the cell survival rate

was greater than 100% (Figure 6). The data showed that the

maximum concentration of SeNPs was 8 mg/mL. Based on this,

2, 4, and 8 mg/mL were selected for subsequent SeNPs

antiviral assays.
SeNPs inhibit the replication of PDCoV in
ST cells

PDCoV-infected ST cells were treated with 2, 4, and 8 mg/mL

of SeNPs, and the expression of viral M protein mRNA was

measured after 6, 24, and 48 h. As a result, all three

concentrations of SeNPs inhibited viral replication significantly

(P < 0.01) after 6 h of treatment, with the replication of 4 mg/mL

SeNPs reaching approximately 0.318 times that of the non-

SeNPs group (Figure 7). As the treatment time increased, the

inhibitory effect of SeNPs became more significant, with the
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three concentrations at 24 h being 0.042, 0.030, and 0.021 times

compared to the replication of the PDCoV groups, and at 48 h

reaching 0.026, 0.003, and 0.004 times compared to the

replication of the PDCoV groups, respectively. The above

results demonstrate that SeNPs have a good anti-PDCoV effect

and that this effect is enhanced with increasing duration of

infection. Therefore, 4 mg/mL SeNPs were selected for

subsequent experimental studies in this trial.
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SeNPs repress PDCoV-induced apoptosis
in ST cells

It has been reported that PDCoV infection induces apoptosis

in LLC-PK and ST cells. Our experiments demonstrated the

inhibitory effect of SeNPs on PDCoV replication. To investigate

whether SeNPs inhibit PDCoV-induced apoptosis, we measured

the apoptosis rate by Annexin-FITC/PI double-staining assay
FIGURE 1

Effects of different trypsin concentrations on the viability of ST cells. * indicates that the difference is significant (P < 0.05) compared with the
group added with 0 mg/mL trypsin, ** indicates that the difference is extremely significant (P<0.01), and no indication indicates that the
difference is not significant (P > 0.05), n=6.
FIGURE 2

Effects of different trypsin concentrations on PDCoV replication. **indicates that the difference is extremely significant compared with the 0
mg/mL trypsin group (P < 0.01); ## indicates extremely significant difference (P < 0.01); No notation indicates that the difference is not
significant (P > 0.05), n=6.
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after 6, 24, and 48 h treatment of infected cells with SeNPs.

According to the findings in Figure 8, after 6h of PDCoV

infection, the apoptosis rate increased slightly compared to the

control group. There was no significant difference between the

apoptosis rate in the SeNPs-treated group and the PDCoV group

(P > 0.05), indicating that PDCoV infection had a lower effect on
Frontiers in Immunology 06
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apoptosis in the early stage. The addition of SeNPs treatment did

not inhibit the early infection-induced apoptosis few cells. With

the increase in infection time, the late apoptosis rate, and total

apoptosis rate were all significant increases in the PDCoV group

compared with the control group after 24 h (P < 0.01). After

SeNPs treatment of infected cells, the difference in early

apoptosis rate was not significant (P > 0.05), late apoptosis

and total apoptosis rates were significantly decreased (P < 0.01),

and there was no significant change in the SeNPs group

compared to the control group (P > 0.05). At 48h, compared

to the controlgroup, the early apoptosis rate, late apoptosis rate

and total apoptosis rateof the viral group were significantly

increased (P < 0.01 or P < 0.05), and the late apoptosis rate

and total apoptosis rate were significantly decreased after SeNPs

treatment (P < 0.01). The above results indicated that PDCoV

could induce apoptosis of ST cells in vitro, and the addition of

SeNPs could significantly inhibit the apoptosis induced by virus.

And the longer the infection time, the more the number of

apoptotic cells, the more obvious the effect of its inhibition.
SeNPs inhibit PDCoV-induced Cyt
C release

Cyt C is an important apoptotic factor normally found in

mitochondria and is released from mitochondria to the

cytoplasm when apoptosis is stimulated, which is a critical

event in apoptosis. The cytoplasmic Cyt C content was

determined, and the results are shown in Figure 9. At the

three time points, the control group had very few protein

amounts of Cyt C in the cytoplasm, and the cytoplasm

contained almost no Cyt C at 6 and 24 h, indicating that

mitochondria release little or almost no Cyt C into the cells
FIGURE 4

Transmission electron microscopy of SeNPs. (A, B) are magnified 50,000 times. (C, D) are magnified 100,000 times.
FIGURE 3

Changes in ST cells infected with PDCoV under different trypsin
concentrations (400×). DAPI-stained nuclei are blue after UV
light excitation and green after blue light excitation after primary
and secondary antibodies binding to viral proteins.
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under normal conditions. In contrast, the cytoplasmic Cyt C

contents were significantly higher in the PDCoV-infected

groups at 6, 24, and 48 h than those in the control groups

(P < 0.01) and increased with increasing infection duration,

indicating that PDCoV infection could conduce the release of

Cyt C from mitochondria, and the longer the duration of

infection, the greater the amount of release. Cyt C content in

the cytoplasm of the SeNPs-treated group (PDCoV+SeNPs)

was significantly lower compared with the PDCoV group, and

the differences were all highly significant (P < 0.01), while the

SeNPs-treated group was significant (P < 0.05) at 6 h

compared with the Control group. The SeNPs group was

higher than the Control group at 6 h, 24 h and 48 h, but the

differences were not significant (P > 0.05). The above results

suggest that SeNPs treatment reduced Cyt C release, while the
Frontiers in Immunology 07
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addition of SeNPs alone had no significant effect on Cyt

C release.
SeNPs inhibit PDCoV-induced Caspase 3
and 9 activation

After Cyt C is released into the cells, it activates downstream

Caspase 9 and Caspase 3, further triggering the apoptotic

cascade. To explore whether the two apoptotic proteins are

activated after PDCoV infection and the effect of SeNPs

treatment, we examined the activated Caspase 9 and Caspase 3

in the cells by the WB method, and the results are presented in

Figure 10. The amount of activated Caspase 9 and Caspase 3

protein increased significantly after PDCoV infection compared
FIGURE 6

Effects of different SeNPs concentrations on the viability of ST cells In the figure ** indicates that the difference is extremely significant
compared with the group added with 0 mg/mL SeNPs (P < 0.01), and no indication indicates that the difference is not significant (P > 0.05), n=6.
FIGURE 5

Energy Spectrum Analysis of SeNPs.
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to the control group, and the difference was significant

(P < 0.01). And the longer the infection, the higher the

expression of the two proteins. At 24 h and 48 h, after SeNPs

were added, Caspase 9 protein content was lower than that of the

PDCoV group, and the difference was significant (P < 0.01), and

there was no significant change in protein content in the SeNPs

group compared to the control group. Meanwhile, Caspase 3

levels were significantly lower in the SeNPs-treated group than

in the PDCoV-infected group at 24 and 48 h (P < 0.01).
SeNPs alleviate PDCoV-induced
increased mitochondrial division

To see if SeNPs’ inhibition of PDCoV-induced Cyt C release

was associated with mitochondrial dynamics, we examined the

changes in dynamics-related proteins in mitochondria after

PDCoV infection and SeNPs treatment. The outcomes are

depicted in Figure 11. Drp1 protein expression was

significantly increased (P < 0.05 or P < 0.01) after 24h and

48 h PDCoV infection, but there was no effect on Fis1 protein

expression. In contrast, the expression of mitochondrial fusion

proteins Mfn1, Mfn2, and OPA1 significantly reduced after 24h

and 48 h PDCoV infection (P < 0.05 or P < 0.01). According to

the data presented above, PDCoV infection increases

mitochondrial fission protein levels while decreasing fusion

protein levels. And, within a certain range, the longer the

infection time, the greater the amount of change. After adding

SeNPs to infected cells, Drp1 protein levels reduced, while Mfn1,

Mfn2, and OPA1 protein levels improved compared to the virus-

infected group. In summary, PDCoV disrupted the dynamic

balance of mitochondria in ST cells, resulting in increased

mitochondrial division and decreased fusion, and SeNPs
Frontiers in Immunology 08
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treatment can mitigate the excessive mitochondrial division to

some extent.
Discussion

PDCoV primarily affects the digestive tract of piglets in vivo,

but studies have revealed that LLC-PK and ST cells are most

susceptible to PDCoV in vitro (16) and that PDCoV can be

isolated and passed continuously in these two cells, making them

the most commonly used for PDCoV proliferation in vitro.

Trypsin has been demonstrated to increase viral infectivity in

cells (36). In a similar vein, after 24 h of incubation on ST cells

without trypsin, no cells were infected with PDCoV by

immunofluorescence, and when 4 mg/mL of trypsin was added,

virus replication increased 70.4 times that of the non-addition

group, which could be because trypsin promotes PDCoV

attachment to cells (37) cleaving and activating the PDCoV S

protein, allowing the virus to enter cells (38). Trypsin has also

been proposed to promote viral replication by provoking the

fusion of infected cells’ intercellular membranes (39).

In this experiment, we used an apoptosis assay to show that

PDCoV caused a significant increase in the apoptosis rate of ST

cells after 24 and 48 h of infection and that the longer the

infection duration, the higher the apoptosis rate, indicating that

PDCoV-induced apoptosis of ST cells in the middle and late

stages of infection, and the induction of apoptosis became more

obvious with the increase of infection duration, consistent with

results by Jung et al. (1). Several studies showed that it promoted

viral infection and replication by regulating apoptosis. The

cytomegalovirus (CMV) viral protein vMIA blocks apoptosis

by binding to the pro-apoptotic protein Bax, which is recruited

to and bound to mitochondria. Rotavirus (RV) promotes the
FIGURE 7

Effects of different concentrations of SeNPs on PDCoV replication in ST cells. ** indicates an extremely significant difference between different
concentrations of SeNPs treatment group and PDCoV group (P <; 0.01), and no indication indicates no significant difference (P > 0.05), n=6.
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spread of virus progeny by activating the mitochondrial route of

apoptosis in the late stages of infection, allowing viral particles to

spread to surrounding cells (40, 41).

In most cell death models, the release of Cyt C from

mitochondria results in the formation of an apoptosome with

Apaf-1, which sequentially activates Caspase 9 and Caspase 3,

triggering the apoptotic cascade response (23, 24). This

experiment found that the amount of Cyt C protein in the

cytoplasm significantly increased with time after PDCoV

infection. Subsequent detection showed that the expression of
Frontiers in Immunology 09
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Cyt C downstream proteins Caspase 9 and Caspase 3 increased

after virus infection, and the content was positively correlated

with the infection time, indicating that PDCoV induces the

mitochondrial release of Cyt C and then activates the Caspase

apoptosis cascade. Mitochondrial dynamics are tightly linked to

apoptosis. Many studies have argued that increased

mitochondrial division leads to apoptosis, and many viruses

take advantage of this to disrupt the dynamics balance to induce

apoptosis (42). Therefore, we investigated whether PDCoV

disrupts mitochondrial morphology by interfering with
A B

C

FIGURE 8

Effect of SeNPs on apoptosis induced by PDCoV. (A–C) are the flow quadrant diagram and apoptosis rate change diagram of each treatment group
at 6, 24, and 48 h, respectively. * indicates that the difference is significant compared with the control group (P < 0.05), ** indicates that the
difference is extremely significant compared with the control group (P < 0.01); # indicates that there is a significant difference between the PDCoV
group and the PDCoV+SeNPs group (P < 0.05), ## indicates that there is a significant difference between the PDCoV group and the PDCoV+SeNPs
group (P < 0.01), and there is no significant difference (P > 0.05) in the unlabeled expression, n=3.
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FIGURE 10

Effect of SeNPs on apoptosis-related proteins of ST cells infected with PDCoV. Top is immunoblot bands of Cleaved-caspase-3 and Cleaved-
caspase-9 in each treatment group at 6, 24, and 48 h. At the bottom is a histogram after analyzing and calculating the ratio of grayscale values
of the Cleaved-caspase-3 and Cleaved-caspase-9. * indicates that the difference is significant compared with the control group (P < 0.05),
** indicates that the difference is extremely significant compared with the control group (P < 0.01); ## indicates that there is a significant
difference between the PDCoV group and the PDCoV + SeNPs group (P < 0.01), and there is no significant difference (P > 0.05) in the unlabeled
expression, n=3.
FIGURE 9

Effects of SeNPs on Cyt C content in the cytoplasm of ST cells infected with PDCoV. Top is immunoblot bands of Cyt C in each treatment
group at 6, 24, and 48 h. At the bottom is a histogram after analyzing and calculating the ratio of grayscale values of Cyt C. * indicates that the
difference is significant compared with the control group (P < 0.05), ** indicates that the difference is extremely significant compared with the
control group (P < 0.01); ## indicates that there is a significant difference between the PDCoV group and the PDCoV + SeNPs group (P < 0.01),
and there is no significant difference (P > 0.05) in the unlabeled expression, n=3.
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FIGURE 11 (Continued)

Effect of SeNPs on mitochondria dynamics-related proteins of ST cells infected with PDCoV. (A) Immunoblot bands of mitochondrial dynamic-
related proteins Drp1, OPA1, Fis1, Mfn1, and Mfn2 in each treatment group at 6, 24, and 48 h; (B–F) are the histograms after analyzing and
counting the gray value ratios of the target protein and the reference protein of Drp1, OPA1, Fis1, Mfn1, and Mfn2 respectively. * indicates that
the difference is significant compared with the control group (P < 0.05), ** indicates that the difference is extremely significant compared with
the control group (P < 0.01); # indicates that there is a significant difference between the PDCoV group and the PDCoV+SeNPs group (P < 0.05),
## indicates that there is a significant difference between the PDCoV group and the PDCoV+SeNPs group (P < 0.01), and there is no significant
difference (P > 0.05) in the unlabeled expression, n=3.
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mitochondrial dynamics, further leading to the release of Cyt C.

After PDCoV infection, we identified a substantial increase in

the mitochondrial fission protein Drp1 and a decrease in the

expression of the fusion proteins Mfn1, Mfn2, and OPA1,

indicating that the virus causes excessive mitochondrial

division. Similar to the results of this assay, Mukherjee et al.

discovered that RV infection of cells resulted in increased

mitochondrial division, the release of Cyt C, and consequent

activation of the apoptotic pathway by promoting the expression

of the fission protein Drp1 and degradation of the fusion protein

Mfn1 (41). It has also been demonstrated that Drp1-mediated

mitochondrial division induces the release of Cyt C. When Drp1

expression is inhibited, it reduces fragmented mitochondria and

inhibits Cyt C release and nuclear DNA fragmentation (43).

OPA1 is a mitochondrial cristae remodeling protein stabilizing

cristae morphology and limiting intracristae protein release. The

significant decrease in OPA1 expression observed in this

experiment could also be a crucial factor in the release of Cyt

C from mitochondrial cristae. The relationship between

mitochondrial division and apoptosis is still being debated.

Although mitochondrial division is commonly thought to be

an early event in apoptosis, some studies have found that

inhibiting mitochondrial division only had a minor effect on

Cyt C release and had no effect on the release of other apoptotic

factors in mitochondria, implying that mitochondrial division

may not be the primary cause of Cyt C release (44). It has also

been argued that mitochondrial division is only essential when

large amounts of Cyt C are required to activate the Caspase

pathway (45). Hence more studies are needed to clarify the

relationship between the two in the future.

In our another experiment, ST cells were treated by four kinds

of interactions between SeNPs and virus in vitro. Samples were

collected to detect the amount of virus replication in cells to explore

the antiviral effect of SeNPs. The experiment contains anti-

adsorption effect of SeNPs (equal volumes of virus and SeNPs

were added directly to the cells, incubated for 1 h at 4°C

refrigerator, washed, added to trypsin culture medium, and

incubated in the cell incubator), preventive effect of SeNPs (virus

was added to the cells pretreated with SeNPs for 1 h, incubated for

1 h in the cell incubator, washed, added to culture medium, and

incubated in the cell incubator), therapeutic of SeNPs (virus

pretreated cells, incubated in the cell incubator for 1 h, washed,

added to the culture medium containing trypsin and SeNPs and
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placed in the cell incubator), and direct inactivation of SeNPs

(virus and SeNPs mixture preincubated at 4°C for 1 h, incubated in

the cell incubator for 1 h, washed, added to the culture medium

and placed in the cell incubator). It was found (data not shown in

this paper) that direct inactivation of the virus by SeNPs was nor

significant. And the optimal effect related to SeNPs is therapeutic

effect compared to anti-PDCoV adhesion effect, protective effect,

direct inactivation effect. Therefore, we suggest that SeNPs inhibits

apoptosis caused by viruses by alleviating excessive mitochondrial

division, but deeper mechanism needs further trials to verify.

There are no effective drugs for PDCoV treatment or

prevention. Although many studies have shown that certain

drugs can inhibit PDCoV replication (46–49), these drugs are

not used in production. As a result, finding an anti-PDCoV drug

that can be applied in production is a problem that must be solved.

In this study, we discovered that the viral M-gene replication

reached 0.318, 0.030, and 0.003 times respectively compared to the

control groups at 6, 24, and 48 h after adding 4 mg/mL of SeNPs,

indicating that SeNPs had a strong anti-PDCoV ability. The

inhibition of virus replication by selenium in vitro has been

reported in various reports. Diphenyl diselenide (PhSe)

inhibited the replication of herpes simplex virus 2 (HSV-2) in

Vero cells (50). Na2SeO3 inhibited the replication of the hepatitis

B virus (HBV), and the inhibitory effect increased with increasing

Na2SeO3 concentration or treatment time (51). In Madin-Darby

Canine Kidney (MDCK) cells, modified SeNPs inhibit the H1N1

influenza virus and Caspase 3-mediated apoptosis caused by virus

infection (52, 53). Our previous research found that

selenomethionine (Se-Met) inhibited PDCoV replication on

LLC-PK cells (29). However, most of the above studies are on

inorganic and organic selenium, and there are few studies on the

antiviral effects of SeNPs. We compared the results of this trial to

the previous ones and discovered that SeNPs had better anti-

PDCoV effects than Se-Met, which could be due to SeNPs’ easier

absorption, implying that SeNPs have greater antiviral potential

than organic and inorganic selenium and could be a viable drug

for the treatment of PDCoV and other virus infections.

Current studies associated selenium are primarily focused on its

antiviral and antioxidant properties, with few reports linking

selenium to apoptosis. Some studies have shown that selenium

can inhibit apoptosis caused by certain toxic agents. Wang et al.

discovered that L-selenomethionine reduced excessive apoptosis

induced by Ammonia (NH3) and abnormal changes in
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mitochondrial dynamics-related proteins (54). Selenium-rich yeast

(SeY) attenuated potassium dichromate (K2Cr2O7) induced

apoptosis in poultry kidney tissue via modulating the mitogen-

activated protein kinase pathway (55). Wang et al. manifested that

sodium selenite (SS) and (Se-Met) could reduce tertbutyl

hydroperoxide (TBHP) induced oxidative stress, inhibited

mitochondrial fission and apoptosis of nucleus pulposus cells

(NPCs) (56). In vitro studies have shown that selenium

supplementation can inhibit viral infection by increasing

glutathione peroxidase 1 (Gpx1) activity and reducing reactive

oxygen species (ROS) content, JNK phosphorylation levels (57–59).

According to our findings, adding SeNPs to infected cells

significantly reduced the apoptosis rate and inhibited the release

of Cyt C and the activation of Caspase 9 and Caspase 3, implying

that SeNPs inhibit PDCoV-induced apoptosis. Subsequent

experiments revealed that SeNPs could, to some extent, reduce

the increase in Drp1 protein level caused by PDCoV and elevate

the decrease in Mfn1, Mfn2, and OPA1 protein levels caused by

PDCoV. In summary, it may be inferred that SeNPs exerted

antiviral effects by alleviating excessive mitochondrial division

and inhibiting Cyt C release in the middle and late stages of

PDCoV infection, thereby antagonizing virus-induced apoptosis

and thus inhibiting the propagation and spread of virus particles,

but more studies are needed to confirm this point.
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Influenza virus causes lung
immunopathology through
down-regulating PPARg activity
in macrophages

Hongbo Zhang1*, Taylor Alford2, Shuangquan Liu1,3,
Dongming Zhou4* and Jieru Wang1,2

1Department of Pediatrics, University of Pittsburgh School of Medicine, Pittsburgh, PA, United
States, 2Department of Medicine, National Jewish Health, Denver, CO, United States, 3Department
of Clinical Laboratory, The First Affiliated Hospital of University of Southern China, Hengyang,
Hunan, China, 4Department of Pathogen Biology, School of Basic Medical Sciences, Tianjin Medical
University, Tianjin, China
Fatal influenza (flu) virus infection often activates excessive inflammatory

signals, leading to multi-organ failure and death, also referred to as cytokine

storm. PPARg (Peroxisome proliferator-activated receptor gamma) agonists are

well-known candidates for cytokine storm modulation. The present study

identified that influenza infection reduced PPARg expression and decreased

PPARg transcription activity in human alveolar macrophages (AMs) from

different donors. Treatment with PPARg agonist Troglitazone ameliorated

virus-induced proinflammatory cytokine secretion but did not interfere with

the IFN-induced antiviral pathway in human AMs. In contrast, PPARg antagonist
and knockdown of PPARg in human AMs further enhanced virus-stimulated

proinflammatory response. In a mouse model of influenza infection, flu virus

dose-dependently reduced PPARg transcriptional activity and decreased

expression of PPARg. Moreover, PPARg agonist troglitazone significantly

reduced high doses of influenza infection-induced lung pathology. In

addition, flu infection reduced PPARg expression in all mouse macrophages,

including AMs, interstitial macrophages, and bone-marrow-derived

macrophages but not in alveolar epithelial cells. Our results indicate that the

influenza virus specifically targets the PPARg pathway in macrophages to cause

acute injury to the lung.
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Introduction

Influenza A virus (IAV) is a common pathogen causing

respiratory illness. Pathology is determined by pathogens and

the host (1). The easy-mutation nature of the influenza virus

made it a challenging to develop a universal vaccine to protect

the susceptible population (2, 3). Therefore, identifying the host-

derived mechanism for influenza-associated diseases is critical

for developing an effective prevention or treatment strategy for

combating influenza infection.

Peroxisome proliferator-activated receptor gamma (PPARg)
is a member of the nuclear hormone receptor superfamily of

ligand-activated transcription factors that regulate the

expression of genes involved in reproduction, metabolism,

development, and immune responses (4, 5). PPARg is a well-

known anti-inflammatory transcription factor (6, 7). It has been

reported that respiratory virus, such as a respiratory syncytial

virus (RSV), alter PPARg expression (6, 7). In addition, PPARg
ligands are proposed as anti-SARS-CoV-2 drugs based on their

anti-inflammatory, antioxidant and immunomodulatory

properties (8, 9). Several PPARg agonists have been

documented to attenuate inflammation and alleviate influenza

infection in mouse studies. Cloutier et al. found that 15-Deoxy-

Delta-12,14-prostaglandin J2 (15d-PGJ2), a ligand of PPARg,
protects mice against lethal influenza infection (10). Several

reports suggest that IAV infection downregulates PPAR-g
expression in mouse macrophages (11, 12). However, it is not

known whether the influenza A virus directly hijacks PPARg
signaling in human primary alveolar macrophages.

PPARg is predominantly expressed in alveolar macrophages

(AMs) (13). Alveolar macrophages are the lung’s immune

effector and play a central role in maintaining lung

homeostasis by repairing tissue damage and phagocytosis of

invading pathogens (14). During infection, AMs release a lot of

proinflammatory cytokines to recruit immune cells to the

infection site (13). However, the excessive proinflammatory

response, the so-called cytokine storm, contributes

significantly to the tissue damage (15). Our previous study

with genome profiling of human AMs in response to influenza

infection suggests that influenza may reduce PPARg gene

expression (16). Therefore, we hypothesize that the influenza

A virus surpresses the PPARg pathway, therefore contributes to
the dysregulation of the host immune response.

The present study first examined whether influenza infection

impaired PPARg signaling in vitro in human primary lung cells,

including the alveolar epithelial and macrophage cells. We then

addressed whether activation of PPARg by a commercial agonist

would reduce the proinflammatory response in human AMs in

vitro and protect infected mice from severe lung injury and

inflammation in vivo. We demonstrated that influenza infection

impaired PPARg signaling, which led to an excessive

proinflammatory response in human AMs but not in epithelial
Frontiers in Immunology 02
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cells and lung inflammation and pathology in vivo. Our results

revealed a novel mechanism of influenza-induced acute lung injury.
Materials and methods

Influenza infection of human AMs

Influenza H1N1 virus A/PR8/Puerto Rico/34 (PR8) and

2009 H1N1 pandemic virus A/California/04 (CA04) were

prepared as described previously (17–19). According to the

standard procedure, the contemporary H3N2 virus vz18B2

was created by reverse genetics directly from a human swab

specimen collected in New York State a human swab collected in

New York state and kindly provided by Dr. Wentworth (20).

Human AMs were isolated from unidentified donor lungs,

which were not suitable for transplantation, and donated for

medical studies as described previously (18, 19). Cultured AMs

were inoculated with the influenza virus at a multiplicity of

infection (moi) of 1 for 1 h. Cells were harvested at 24 h post-

inoculation (hpi). The Committee for the Protection of Human

Subjects at National Jewish Health and University of Pittsburgh

Committee for Oversight of Research and Clinical Training

involving Decedents (CORID) have approved this study.
Mouse influenza infection

Eight to ten-week-old C57BL/6mice were purchased from The

Jackson Laboratory (Bar Harbor, Maine). Mice were maintained

under specific pathogen-free conditions within the animal facility

at the Children’s Hospital of Pittsburgh of University of Pittsburgh

Medical Center. Animal studies were conducted with approval

from the University of Pittsburgh Institutional Animal Care and

Use Committee. For influenza infection, mice were intranasally

challenged with 1000 pfu of PR8 virus diluted in 50 ml of sterile
PBS or 50 ml of PBS control. Following infection, mice were

monitored daily for weight loss and signs of clinical illness and 3

or 5 mice were sacrificed 3 days after the virus challenge.
Mouse bronchoalveolar lavage and lung
tissue processing

At the indicated time, mice were euthanized by intraperitoneal

injection of a leathal dose of sodium pentobarbital. The whole-lungs

lavage was performed with 1 ml sterile saline solution, and

bronchoalveolar lavage fluid (BALF) was collected and

centrifuged at 4°C, 3000 rpm for 10 min. An aliquot of 100ul

cell-free BALF was snap-frozen by the dry ice-ethanol bath to

evaluate viral burden by standard Plaque Assay as previously

described (18, 19). The remaining BALF was stored at -80°C for
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detection of albumin, lactate dehydrogenase (LDH), and cytokine

by ELISA. BAL cell cytospin slides were stained with a HEMA-3

stain kit (Fisher Scientific, Waltham, MA) for inflammatory cell

differential counts. For histology staining, the right superior lobe

was fixed in 10% neutral buffered formalin. The right lobe was saved

at -80°C for protein extraction. The remaining lung lobes were

collected and homogenized in 1 ml of sterile ice-cold PBS at 4°C

using a gentle MACS Dissociator (Miltenyi Biotech, San Diego,

CA). The post-caval lobe was saved at -80°C for RNA extraction.
Treatment with PPARg agonist and
antagonist

For a PPARg agonist and antagonist experiment in human

AMs, troglitazone (5 mM) (Sigma, St Louis, MO) was given 1 h

before or right after infection. PPARg antagonist T0070907 or

GW9662 (Sigma, St Louis, MO) were given 1h before infection.

After infection, cells were cultured with agonists or antagonists

for another 24 h.

For treatment with mice, 10 mg/kg troglitazone was injected

intraperitoneally prior to flu infection and daily after infection

for 5 days. Mice were observed daily for daily activity and weight

loss. On Day 5 post flu inoculation, mice were sacrificed. 2 mg/

kg T0070907 or GW9662 was injected intraperitoneally 1 day

prior to flu infection and daily after infection for 2 days. Mice

were observed daily for daily activity, weight loss, and the mice

were sacrificed on Day 3 post flu infection.
PPARg transcription activity assay

The nuclear protein from control and virus-infected human

AMs and mouse lungs was extracted using Pierce nuclear/

cytoplasmic protein extraction kit (ThermoFisher Scientific,

Waltham, MA). Following the manufacturer’s instruction, an

equal amount of nuclear protein from control and infected

samples was used to evaluate the PPARg activity using the

TransAM PPARg kit (Active Motif Inc., Rixensart, Belgium).

The kit includes a 96-well plate coated with with an

immobilized oligonucleotide containing the PPARg response

element (5’-AACTAGGTCAAAGGTCA-3’) for measuring

PPARg activity. The active form of PPARg contained in nuclear

extract specifically binds to the oligonucleotide. The primary

antibodies used in the TransAM PPARg kit recognize an

accessible epitope on PPARg protein upon DNA binding. A

horseradish peroxidase-conjugated secondary antibody is used

for the spectrophotometric quantification.
Real-time RT-PCR

Total RNA was extracted from human and mouse cells using

the RNeasy kit (QIAGEN S.A., Courtaboeuf, France).
Frontiers in Immunology 03
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RNA purity and integrity were examined by Nanodrop

spectrophotometric analysis. Following the manufacturer’s

instructions, 1 mg of total RNA was reverse-transcribed into

cDNA using the qScript™ cDNA Synthesis kit (Quanta

Bioscience, Gaithersburg, MD). cDNA was then used in

standard real-time PCR to measure gene expression using the

Applied Biosystems 7900HT. Reaction conditions were 95°C for

15 s and 60°C for 1min, repeated for 40 cycles, with a 10 min hot

start at 95°C. Relative mRNA level was quantified using the 2DCt

method and standardized by GAPDH. All TaqMan real-time

PCR probes were purchased from Life Technologies (Carlsbad,

CA). They are human PPARg (Hs00234592_m1), human IL-1B

(Hs00174097_m1), human GAPDH (Hs02758991_g1), mouse

PPARg (Mm00440940_m1), mouse Mx1 (Mm00487796_m1),

and mouse GAPDH (Mm99999915_g1).
Statistical analysis

All data analyses were performed with Prism 9.3.0

(GraphPad, La Jolla, CA). Mann–Whitney U test was used to

compare gene expression and viral replication between two

groups. The two-tailed Student t-test was used for the

comparisons between the two groups. A one-way ANOVA test

was used for the comparison of the three groups.
Results

Influenza infection impairs the PPARg
pathway in human primary AMs

To confirm whether influenza A infection impairs PPARg
anti-inflammatory pathway in human primary AMs, cultured

cells were infected with H1N1 virus PR8, and gene expression

and transcription activity of PPARg was measured at 4 and 24 h

post-infection (hpi). Our results suggested that PR8 infection

decreased mRNA of PPARg in human AMs from 10 tested

donors at 4 hpi and a further reduction at 24 hpi (Figure 1A).

Since PPARg is a transcription factor, we extracted cellular nuclear
protein from infected cells at 24 hpi and further determined the

transcription activity of PPARg using the TransAM kit (Active

motif) in cells isolated from 4 donors. The data in Figure 1B show

a dose-dependent decrease in PPARg activity and virus.

In addition, we infected human AMs with the 2009 pandemic

(H1N1pdm09) virus CA04. As we previously reported, this virus

caused a much lower infection than PR8 (19), but it still

significantly reduced PPARg expression (Figure 1C) at both 4

and 24 hpi. Our previous study found that PR8 infection reduced

the expression of important scavenger receptors, including CD36,

the direct target gene of PPARg in human AMs (16). Altogether,

these data indicate that H1N1 infection impairs the PPARg
signaling pathway in human AMs.
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PPARg is critical for controlling influenza
virus-induced proinflammatory response
in human AMs.

We and others reported that the influenza A virus stimulated

a predominant proinflammatory response in human AMs

(16, 18, 19). To determine if this strong inflammatory response

is due to dampened PPARg signaling, we did several experiments

to knockdown PPARg using PPARg-specific siRNA or alter

PPARg activity using a commercially available PPARg agonist

or antagonists prior to virus infection and measured

proinflammatory cytokine secretion. PPARg-specific siRNA

treatment reduced around 90% of PPARg expression (Figure 2A)

and resulted in significantly upregulated secretion of TNF-a, IL-6,
IL-8, and RANTES, but not IP-10 (Figures 2B–F). On the other

hand, activated PPARg by an agonist, Trog, significantly reduced

virus-stimulated TNF- a, IL-8, and RANTES but not IP-10

(Figures 2G-J). Similar results were observed in contemporary

H3N2 viral infection treated with PPARg agonist (Supplementary

Figure 1). On the contrary, PPARg antagonist further enhanced
virus-stimulated TNF-a (Figure 2K). As expected, the decreased

secretion of IL-8 andRANTES caused by PPARg agonist treatment

was restored by subsequent antagonist treatment (Figures 2L, M).

These results indicate that PPARg is critical for keeping the

proinflammatory response on check.
PPARg agonist does not alter influenza-
induced IFN production as well as IFN
downstream signaling

Production of IFN is a major antiviral defense of human

AMs in response to influenza infection. To determine whether

the administration of PPARg agonist alters IFN response, we
Frontiers in Immunology 04
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examined gene expression of interferons. Treatment of human

AMs with PPARg agonists did not alter PR8-induced mRNA

production of IFN-a, IFN-b, and IFN-L1 (Figures 3A–C).

PPARg agonist also did not alter CA04-induced expression of

IFN genes and antiviral genes Mx1 and ISG56 (Figures 3D, E).

These results suggest that activation of PPARg does not interfere
with the host antiviral pathway.
Influenza infection reduces mRNA and
transcription activity of PPARg in mice

To investigate whether the influenza virus impairs PPARg
signaling in vivo, we investigated PPARg in a mouse model of flu

infection. We infected C57B/6 mice with different doses of PR8 by

intranasal inoculation. Data in Figure 4A shows that PR8 infection

decreased PPARg activity dose-dependently. Figures 4B, C shows

that viral infection significantly decreased PPARgmRNA. To verify

that influenza virus infection decreases the PPARg activity in mouse

macrophages, we isolated other macrophages, including alveolar

macrophage, lung intestinal macrophage, bone marrow

macrophage, and type II alveolar epithelial cell (ATII) from the

mouse and then infected these cells with PR8. 24 hpi after PR8

infection, determined the mRNA level of PPARg. Our results

suggested that PR8 only decreased PPARg activity in mouse

macrophages but not in ATII, similar to our observation in

primary human cells (Figures 4D–G).
Activation of PPARg ameliorated
influenza-induced lung injury and
improved survival

To further determine whether the acute lung injury is due to

an impaired PPARg pathway. We treated mice with PPARg
B CA

FIGURE 1

Influenza infection reduces PPARG gene expression and transcription activity in human alveolar macrophages(AMs). Cultured human AMs were
infected with PR8 virus (A, B) or CA04 virus (C) at MOI=1, at 4 or 24 hpi, the cell pellet was harvested for RNA extraction, and the mRNA level of
PPARg was determined by RT-qPCR (A, C). Human AM was infected with PR8 at MOI=0.01, 0.1, or 1, harvested the cell pellet for the nuclear
protein extraction at 24 hpi, and the PPARg transcriptional activity of PPARg was determined (B). Unpaired t test was applied for the statistical
analysis of (A, C) and Ordinary one-way ANOVA was applied for B. *p < 0.05, **p < 0.01, and ***p < 0.001.
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B C D

E F G

H I J

K L M
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FIGURE 2

PPARg is critical for controlling influenza virus-induced proinflammatory response in human AMs. Human AMs isolated from three donors were
transfected with PPARg specific siRNA or nontarget control siRNA(NT) 48 h before infections with PR8(MOI=1). At 24 h after infection, RNA(A-F)
was extracted for examining PPARg gene expression, and cell-free culture supernatants were collected to detect cytokines using DuoSet ELISA
kits from R&D Systems. (A) PPARg mRNA level. (B) TNFa. (C) IL-6. (D) IL-8. (E) RANTES. (F) IP-10. (G–J) For the experiment with PPARg agonist,
troglitazone (5 mM) (Sigma, St Louis, MO) in human AMs, was given right after infection. PPARg antagonist T0070907 or GW9662 (Sigma) were
given 1h before infection. At 24 h after infection, cell-free culture supernatants were collected to detect cytokines using DuoSet ELISA kits from
R&D Systems. (G) TNFa. (H) IL-8. (I) RANTES. (J) IP-10. Isolated human AMs were treated with PPARg agonist, troglitazone (5 mM) in human AMs
right after PR/8 infection. PPARg antagonist T0070907 or GW9662 (Sigma) were given 1h before infection. After infection, cells were treated
with agonists or antagonists for another 24 h. At 24 h after infection, cell-free culture supernatants were collected to detect cytokines using
DuoSet ELISA kits from R&D Systems. (K) TNFa. (L) IL-8. (M) RANTES. Unpaired t test was applied for comparison of two groups, while one-way
ANOVA was used for comparison of more than two groups. ns means no significance. *p < 0.05, **p < 0.01, and ***p < 0.001.
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agonist troglitazone prior to influenza infection and evaluated

viral burden, weight loss, inflammatory cell differentiation in

bronchoalveolar lavage fluid (BALF), and acute lung injury.

Compared to the vehicle control-treated group, troglitazone-

treated mice displayed elevated PPARg activity (Figure 5A),

reduced viral burden (Figure 5B), and attenuated weight loss

(Figure 5C). There was a significantly decreased total protein

and LDH, total cell number, percentage of neutrophils, and an

increased percentage of monocytes in the infected BAL

(Figures 5D-H). These data indicate that virus-induced lung

injury is dependent on the downregulation of the PPARg pathway.
PPARg antagonist enhanced the
inflammatory response and exacerbated
damage in the lung of influenza-infected
mice

Since PPARg agonist ameliorated the lung injury during flu

infection in mice, we investigated whether the PPARg antagonist
could worsen the lung injury or not. In the antagonist treatment

group, albumin and LDH, the two important indicators of lung

injury, were significantly elevated in antagonist-treated mice

lungs (Figures 6A, B). In addition, the total inflammatory cell
Frontiers in Immunology 06
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number and the portion of monocytes were also significantly

elevated under the treatment of the antagonist (Figures 6C, D).
Discussion

The influenza virus is a common public health problem and

can cause serious complications, including events leading to

hospitalization and death (21). The mortality due to influenza

has been associated with excessive inflammatory response and

cytokemia (22). Recently, several studies have highlighted the

importance of therapies targeting host inflammatory responses.

Alveolar macrophages are target cells in the lung infected by

influenza virus and release many proinflammatory modulators

during influenza infection to restrain viral infection (17, 23).

PPARg is expressed in monocytes and macrophages (24). In

addition to its well-known regulatory effects on lipid and glucose

metabolism, PPARg is an important anti-inflammatory

transcription factor that antagonizes NF-kB mediated cytokine

production (25).

In this study, we have demonstrated that IAV infection

decreased gene expression and transcript activity of PPARg in

human primary AMs, and there is a dose-dependent relationship

between the PR8 infection and decreased PPARg activity, as shown
B C

D E

A

FIGURE 3

PPARg agonist does not alter influenza-induced IFN production and IFN downstream signaling. Cultured human AMs were infected with CA04
at MOI=1, and PPARg agonist troglitazone (5 mM) (Sigma, St Louis, MO) was given 1 h before or after infection. After infection, cells were cultured
with an agonist for another 24 h. At 4 or 24 hpi, the cell pellet was harvested for RNA extraction, and the expression level of indicated genes
was determined by RT-qPCR. (A) IFNa. (B) IFNb. (C) IFNl. (D) Mx1. (E) ISG56. Mann-Whitney test was apllied for the statistical analysis between
CA04 and non- infected control conditions. Ordinary one-way ANOVA was applied for the statistical analysis among CA04, Tro-CA04 & CA04-
Tro conditions. ns means no significance. *p < 0.05.
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in Figure 1. Furtherly, knock-down of PPARg by siPPARg enhanced
the secretion of multiple cytokines in primary human AMs

(Figures 2B-E). On the other hand, activation of PPARg in

human AMs treated by PPARg agonist reduced secretion of

multiple cytokines. (Figure 2G-J). Also, PPARg agonist treated

mouse AMs showed less secretion of TNFa during IAV infection

(Figure 2K). At the same time, the antagonist diminished the

inflammatory inhibition effect of the PPARg agonist during IAV

infection (Figures 2L, M). Taken together, these results suggested

that PPARg plays an important role in the IAV infection-induced

inflammatory response in human AMs. Although a reduction of

multiple inflammatory factors was observed in PPARg-activated
AM, the expression of IFN was not significantly reduced (Figure 3).

We got the similar resuts in H3N2 infected human primary AMs

(Supplementary Figure 1).

In addition to investigate the role of PPARg during IAV

infection in human primary AMs, we infected mice with IAV and

harvested the lungs to investigate the PPARg activity and mRNA

level. We found that the IAV infection decreased the PPARg
activity and mRNA level (Figures 4A–C) in mouse lung. In order

to verify the IAV infection inhibited the expressing level of PPARg
in what kind cells, ATII cells and different macrophages, including

alveolar macrophages, interstitial macrophages, and bone-

marrow-derived macrophages were isolated from the naive

mice and cultured for IAV infection. Our results suggested that
Frontiers in Immunology 07
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IAV infection only inhibited the PPARg expressing in

macropahges but not in the ATII cells (Figures 4D–G).

Since the IAV infection significantly reduced the PPARg
activity in mouse lung, we hypothesized that activated the

PPARg activity in vivo moderate inflammatory response and

immunopathological damage caused by IAV. As expected,

PPARg activation protected against IAV-induced lung injury

and mortality in mice (Figure 5). Conversely, PPARg antagonist
treated mice displayed worsened mortality and delayed viral

clearance (Figure 6).

Cytokine storm, the consequence of misregulation of

inflammatory cytokines and hyperactivation of the innate

immune response, has been recognized as a key mediator of

influenza-induced lung disease and may be the key to COVID-

19 infection (15, 26). Stimulation of PPARg by natural or synthetic
agonists may modulate the cytokine storm typical of viral infection

by preventing cytokine overproduction and the inflammatory

cascade (6) (27). Several natural PPARg ligands have been

proposed to treat COVID-19 (8). Due to its ability to reduce

inflammatory parameters, the PPARg agonist pioglitazone has also
been proposed as an effective treatment for COVID-19 patients

with diabetes, hypertension, and cardiovascular comorbidities (28).

There are several recent studies reported that treatment with

PPARg agonists significantly reduced flu-associated

pathogenesis. Our results are consistent with the results from
B C

D E F G

A

FIGURE 4

Influenza infection reduces PPARg expression and activity in mouse lungs and macrophages. C57B/6 mice were infected with different doses of
PR8 or saline by intranasal inoculation, and the lung tissue was collected on day 3 after infection. The PPARg activity (A) and mRNA (B) in the
mouse lung tissue were determined. The viral RNA in mice lungs was also determined by RT-PCR (C). The isolated mouse lung alveolar
epithelial type II cells (ATII (D)), alveolar macrophages (AM (E)), lung interstitial macrophages (IM (F)), and bone marrow-derived macrophages
(BMDM (G)) were infected with PR8 at MOI=1, harvested the cell pellet at 24 h after infection for RNA extraction. The PPARg mRNA was
determined by RT-PCR. Unpaired t test was applied for the statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Jie Sun’s group that PPARg deficiency enhaces mouse

susceptibility to influenza-induced mortality (12).

Gopal et al. did not reveal that PPARg plays a key anti-

inflammatory role in what kind of cells (29). To our knowledge,

there is no published paper using human primary macrophages to

investigate the role of PPARg during IAV infection. In the present

study, we tested and verified the decreased PPARg activity in

human primary lung macrophages and different mouse

macrophages including AM, IM, and BMDM during influenza

virus infection. Our results revealed that PPARgmainly exerts anti-
Frontiers in Immunology 08
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inflammatory effects in human macrophages during IAV infection

which had not been reported in any published paper. Some other

published papers also investigated the anti-inflammatory effects of

PPARg, but these studies focused on different pathogens and the

role of PPARg in different kind cells like neutrophil but not in the

macrophages (30–32). Our study used in vitro human primary cell

culture and an in vivomouse model of IAV infections, whereas the

other focused solely on a mouse model.

Our results have shown that flu infection directly targets

macrophages to reduce PPARg activity and expression, causing
B C

D E F

G

A

H

FIGURE 5

PPARg agonist reduces viral replication and virus-induced weight loss in influenza virus-infected mice. C57B/6 mice were treated with PPARg
agonist troglitazone prior to influenza infection and evaluated viral burden, weight loss, and inflammatory cell differentiation in bronchoalveolar
lavage fluid (BALF) and acute lung injury. Compared to the vehicle control-treated group, troglitazone-treated mice displayed elevated PPARg
activity (A), reduced viral burden (B) and attenuated weight loss (C). There was a significantly decreased total protein (D) and LDH (E), reduced total
cell number (F), reduced percentage of neutrophils (G), and an increased percentage of monocytes in the infected BALF (H). Unpaired t test was
applied for statistical analysis. *p < 0.05, **p < 0.01, and ***p < 0.001.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.958801
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2022.958801
lung injury and inflammation. In addition, a study with the

respiratory syncytial virus (RSV) has shown a down-regulation

of PPARg expression by a nonstructural protein of RSV virus,

and PPARg agonists have beneficial effects in the suppression of

the inflammatory response during RSV infection and therefore

might have clinical efficacy in the course of severe RSV-infection

(33). To this point, our study provides the mechanistic rationale

for anti-inflammatory therapy through PPARg for influenza and

maybe other respiratory infections, including RSV and SARS-

Cov2. Further studies to evaluate the effect of the various PPARg
agonists against viral infection will be worthwhile.

The current study provides a novel mechanism by which the

influenza virus destroys the anti-inflammatory balance in the

lung and causes acute lung injury. In conclusion, we performed

in vitro and in vivo studies to determine the role of PPARg in
influenza infection. This study demonstrates that IAV reduces

the transcriptional activity of PPARg, which is critical for
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influenza-induced acute lung injury and mortality. Our

findings suggest that PPARg agonists have the potential to be

used to limit influenza-related mortality and morbidity.
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FIGURE 6

PPARg antagonist promotes influenza-induced lung injury and inflammation. C57B/6 mice were treated with PPARg antagonist, T0070907, prior
to influenza infection and evaluated inflammatory cell differentiation in bronchoalveolar lavage fluid (BALF) and acute lung injury. Compared to
the vehicle control-treated group, T0070907 treated mice displayed elevated albumin (A), LDH (B), TNFa (C), and total cell number (D).
Unpaired t test was applied for the statistical analysis. ns means no significance. *p < 0.05, **p < 0.01.
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SUPPLEMENTARY FIGURE 1

PPARg agonist inhibits H3N2 induced secretion of IL-8 and TNFa but not

IP-10. Isolated human AMs were treated with PPARg agonist, troglitazone
(5 mM) in human Ams after H3N2 virus infection. After infection, cells were

cultured with troglitazone for another 24 h. At 24 h after infection, cell-
free culture supernatants were collected to detect cytokines using

DuoSet ELISA kits from R&D Systems. (A) IL-8. (B) TNFa. (C) IP-10.

Unpaired t test was applied for the statistical analysis.g
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The heterogeneous nuclear ribonucleoproteins (hnRNPs) are a diverse family

of RNA binding proteins that are implicated in RNA metabolism, such as

alternative splicing, mRNA stabilization and translational regulation.

According to their different cellular localization, hnRNPs display multiple

functions. Most hnRNPs were predominantly located in the nucleus, but

some of them could redistribute to the cytoplasm during virus infection.

HnRNPs consist of different domains and motifs that enable these proteins to

recognize predetermined nucleotide sequences. In the virus-host interactions,

hnRNPs specifically bind to viral RNA or proteins. And some of the viral protein-

hnRNP interactions require the viral RNA or other host factors as the

intermediate. Through various mechanisms, hnRNPs could regulate viral

translation, viral genome replication, the switch of translation to replication

and virion release. This review highlights the common features and the

distinguish roles of hnRNPs in the life cycle of positive single-stranded

RNA viruses.

KEYWORDS

host-pathogen interaction, positive single-stranded RNA virus, heterogeneous
nuclear ribonucleoprotein, viral life cycle, immune response
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Introduction

Positive single-stranded RNA viruses include a broad group of

well-known pathogens in the Picornaviridae, Flaviviridae,

Coronaviridae and other viral families (1). These viruses

generally endanger human health and cause economic burdens

as well as societal costs. For example, severe acute respiratory

syndrome-coronavirus-2 (SARS-CoV-2, belonging to the

Coronaviridae family) has spread worldwide for the past two

years, threatening lives by causing severe symptoms in patients

and resulting in millions of deaths (2). Hepatitis C virus (HCV,

belonging to the Flaviviridae family) was estimated to infect 71

million people worldwide, and the number of infected people has

increased by nearly 2 million a year, causing cirrhosis,

hepatocellular carcinoma, liver failure and even death (3, 4).

And enterovirus (belonging to the Picornaviridae family) threats

human health by its extensive outbreak and causing deaths (5).

Positive single-stranded RNA viruses mostly contain a limited-

sized genome that encodes several or at most dozens of proteins

(6). Viruses require assistance from host factors to replicate

successfully in cells and also develop diverse mechanisms to

exploit host factors to aid the different life cycle stages for

maintaining viral efficient propagation (6–8). Positive single-

stranded RNA viruses can translocate host factors to the

cytoplasm and support their life cycle (9–11). And some

proteins in host cells are closely related to viral proteins or

RNAs to inhibit virus propagation (12). A recent study revealed

that 104 host proteins could interact with SARS-CoV-2 RNA and

participate in viral translational initiation, transcription and

immune response. Additionally, 23 of these proteins could be

targeted with existing drugs (13). To defend themselves from virus

infection, host cells also develop some strategies to drive proteins

or other host factors to confine viral proteins or RNA to restrain

the virus replication (14). Therefore, studying host proteins that

interact with viral genomics or viral proteins is beneficial for

understanding RNA virus pathogenesis and providing

information on developing antiviral therapies and vaccines (15).

HnRNPs constitute a group of RNA-binding proteins that

recognize specific RNA sequences and are reported to be

frequently involved in RNA metabolism processes such as pre-

mRNA splicing, transcription and translation regulation (16).

The hnRNP family mainly comprises 20 proteins, and they are

named in alphabetical order from hnRNP A1 to hnRNP U (and

RALY, which is also known as HNRPCL2 or P542), with

molecular weights ranging from 34 kDa to 120 kDa (16).

HnRNPs can bind to heterogenous nuclear RNAs (hnRNAs)

or pre-mRNAs, which are primary transcripts generated by

polymerase II (17). This binding activity is linked with pre-

mRNA splicing, causing impaired binding capacity of hnRNP A,

B, C and I and leading to splicing inhibition (18). Heterogeneous

ribonucleoproteins (hnRNPs) are proteins identified to associate
Frontiers in Immunology 02
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with the virus components during positive-strand RNA virus

infection (19–21).

The structure of hnRNPs usually includes RNA-binding/

RNA recognition motifs and other domains/motifs related to

cytoplasmic redistribution or the binding of nucleotide

sequences (22, 23). Although hnRNPs share some similar

structural features, they can be very different from each other

(see Figure 1). Many members of hnRNPs possess RNA

recognition motifs/RNA binding domains (RRMs/RBDs),

while hnRNP E and hnRNP K possess specific RNA binding

domains called K-homology domains (KH domains) (16). These

structures identify and bind to specific RNA sequences, so

different hnRNPs have distinctive sequence affinities. For

example, the RRM1 of hnRNP A2/B1 recognizes adenine-

guanine–guanine (AGG) motifs, and its RRM2 recognizes

uridine-adenine-guanine (UAG) motifs (24). Most hnRNPs

are confined within the nucleus, while a few others can shuttle

between the cytoplasm and nucleus (18, 25). Several structures

are responsible for their localization rearrangement. Some

hnRNPs contain a nuclear localization sequence (NLS), which

is in charge of nuclear import (26). The other sequence that

mediates the hnRNPs nuclear import/export is the M9 sequence

(27). However, more information on the mechanisms by which

hnRNPs are exported from the nucleus to the cytoplasm remains

to be defined. It is also worth mentioning that the abundance of

hnRNPs is distinctive in different organisms (for example,

hnRNP C was identified to be highly expressed in the neurons

and testicles of mice but not detectable in the lung or pancreas)

(28). In addition to binding RNA, hnRNPs are also associated

with DNA biogenesis as they are involved in DNA replication,

damage repair and telomere functioning (29). For instance, it has

been shown that hnRNP K can modulate neurotransmitter gene

biosynthesis and participate in activation-induced cytidine

deaminase-mediated antibody diversification (30, 31).

HnRNPs are involved in many steps of viral infection

process, including replication, translation, the switch of

translation to replication, as well as virion release (19, 32, 33).

For example, the SARS-CoV-2 N protein can partition into

liquid condensates with hnRNP A2 and hnRNP P to promote

viral replication (19). The negative-stranded RNA of poliovirus

(PV) could interact with hnRNP C to enable positive-stranded

RNA synthesis (32). During enterovirus 71 (EV71) infection,

hnRNP A1 can bind to viral internal ribosome entry site (IRES),

which leads to enhanced IRES-mediated translation, and hnRNP

K interacts with stem-loops I, II, and IV to participate in viral

replication (34, 35). Some viruses could take advantage of

hnRNPs by rearranging these proteins from the nucleus to the

cytoplasm (36, 37). With positive-stranded RNA viruses

replicate in the cytoplasm, distributed hnRNPs are able to

interact with viral proteins or RNA to either assist or hinder

virus multiplication (1, 36, 37). Therefore, discussing the
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interactions between viruses and hnRNPs improves our

understanding of the molecular mechanisms of viral attacks on

host cells and the strategies through which our bodies resist these

invasions (38).
Roles of heterogeneous nuclear
ribonucleoproteins in the positive-
strand virus life cycle

HnRNP A/B

The four paralogues of hnRNP A/B proteins are hnRNP A1,

A2/B1, A3 and A0, and all of them were reported to have several

isoforms except for A0. The structures of hnRNP A/B proteins

are highly conserved among each other and they normally locate

at the nucleus (39). Another study suggested that although

hnRNP A/B colocalized with spliceosomal complexes within
Frontiers in Immunology 03
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the nucleus, hnRNP A1 was abundant at the membrane of the

nucleus while A2/B1 and A3 accumulated in perinucleolar areas

(40). HnRNP A/B are responsible for RNA splicing, trafficking

and mRNA translation regulation (both Cap-dependent and

IRES-dependent). Besides, hnRNP A1 and A2/B1 also possess

DNA-binding ability (39).

Among these subgroup proteins, hnRNP A1 is one of the

most abundant and ubiquitously expressed proteins (27).

HnRNP A1 contains an unwinding protein 1 (UP1) domain

comprising two RNA-recognition motifs (RRM1 and RRM2) in

the N-terminus followed by specific motifs, an RGG box, a

prion-like domain and a nuclear-shuttling sequence called the

M9 sequence in the C-terminus (26, 41). UP1 and the RGG-box

affect the ability of hnRNP A1 to unfold DNA G-quadruplexes,

and the prion-like domain is closely related to stress granule

assembly (41, 42). HnRNP A1 shuttles rapidly between the

cytosol and the nucleus, and its M9 is vital for its import back

into the nucleus. A study revealed that TMG-induced O-linked

N-acetylglucosaminylation reinforces hnRNP A1 nuclear
FIGURE 1

The structures of heterogeneous ribonucleoproteins from hnRNP A1 to RALY. HnRNPs have different structures using some shared and
distinctive elements. RRM: RNA recognition motif, KH: K-homology domain, RGG-box: motifs containing arginine and glycine repeats, M9: M9
sequence, Gly-rich: glycine-rich domain, bZLM: basic leucine zipper-like motif, Acidic-rich: acidic-rich domain, Q-rich: Glutamine-rich domain,
Exon: The splicing site of enzyme to create various mRNAs, therefore translated into different proteins, NLS: nuclear localization sequence, KI:
K-interaction domain, Pro-rich: Proline-rich domain, KNS: nuclear shuttling domain, MR-repeat: methionine and arginine repeat motif, QGSY-
rich: (glutamine-glycine-serine-tyrosine)-rich region, Q/N-rich: glutamine- and/or asparagine-rich region. RRMs and KH domains are usually
responsible for virus RNA recognition and binding, and M9 and NLS are mainly responsible for hnRNP nuclear retention.
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localization and that sorbitol-induced phosphorylation of

hnRNP A1 results in its cytoplasmic accumulation (43).

Notably, although hnRNP A1 is expressed in most tissues, it

was identified to be most abundant in neurons of the central

nervous system (28) . HnRNP A2/B1 is crucia l to

oligodendrocyte and neural mRNA trafficking (44).

Some coronaviruses were reported to be associated with

hnRNP A1 (45–51). An early study suggested that the

nucleocapsid protein (N protein) of SARS coronavirus had a

high affinity with hnRNP A1, and the protein-protein

interaction requires 161-220 aa of SARS coronavirus N protein

and 203-320 aa of hnRNP A1 (45). It was also suggested that

hnRNP A1 might participate in the switch from viral translation

to replication because N6-methyl adenosine (m6A) marked

SARS-CoV-2 RNA recruit hnRNP A1 and enhance viral

genome transcription while suppressing translation. And this

interaction could be inhibited by 3-Deazaneplanocin A (DZNep)

(46). And During SARS-CoV-2 infection, the cellular location of

hnRNP A2/B1 is rearranged by NSP1, leading to restrained

immune response and enhancing infection by SARS-CoV-2 and

b-coronavirus, but the mechanism by which this occurs remains

to be explained (36). And a recent study pointed out that hnRNP

A2/B1 could associate with SARS-CoV-2 RNA to promote viral

replication, which could be targetable for antiviral drugs (52).
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HnRNP A1 interacts with the porcine epidemic diarrhoea

virus (PEDV) N protein to promote viral replication, and

inhibition of hnRNP A1 could result in reduced virus copy

numbers of different strains of PEDV in CCL81 cells (47) (see

Figure 2A). Despite the lack of evidence, hnRNP A1 was

hypothesized to facilitate PEDV replication through binding to

the 5’ end sequence and intergenic IG sequence, which is

required for coronavirus optical transcription of nested

subgenomic mRNA (47). Interestingly, the hnRNP A1 level

was downregulated during PEDV YN144 strain infectin, a

finding different from that in cells infected with the YN13

strain, where the hnRNP A1 levels were not remarkably

changed. This phenomenon was presumed to be related to the

weaker virulence of YN144 (48). Mouse hepatitis virus (MHV)

infection could result in cytoplasm retention of hnRNP A1 and

binding of hnRNP A1 to transcription regulation areas of MHV

negative-stranded RNA (49). Interestingly, C-terminal deletion

of hnRNP A1 inhibited MHV replication, while full-length

hnRNP A1 reinforced MHV replication (50). hnRNP A1 was

also detected to interact with MHV N proteins in the cytoplasm,

but the effect of this interaction during MHV infection remained

unexplored (51). As mentioned above, the N protein of SARS-

CoV-2, PEDV andMHV could interact with hnRNP A1, and the

interaction favours the virus replication (47).
FIGURE 2

The multiple functions of hnRNP A1 in viral life cycles. (A) Nuclear translocation of SV induces cytoplasmic retention of hnRNP A1, and hnRNP
A1 binds to the 5’ UTR of SV RNA, resulting in enhanced viral translation. (B) HnRNP A1 interacts with the nucleocapsid of PEDV and facilitates
PEDV replication near the nucleus. (C) HnRNP A1 binding to the 5’ UTR and 3’ UTR of HCV RNA and forming a complex with septin 6 and NSb5
induces the cyclization of HCV RNA and reinforces HCV RNA replication. (D) HnRNP A1 could bind to Apaf-1 mRNA to promote Apaf-1
translation and then upregulate the expression of caspase-3, resulting in cell apoptosis and virion release. EV71 3C protease could splice hnRNP
A1 and abolish its capacity to bind to Apaf-1 mRNA and downregulate caspase-3 expression, guaranteeing sufficient virus replication before
virion release.
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HnRNP A1 also affect the replication of viruses from other

virus families (20, 53). HnRNP A1 usually affects the viral

translation by associating with the IRES within viral RNA (20,

53, 54). The IRES trans-acting factor (ITAF) activity of hnRNP

A1 could be regulated through posttranslational modifications

(PTMs). HnRNP A1 PTMs are recognized by different viruses to

modulate their IRES-dependent translation (55). HnRNP A1

acts as an ITAF with EV71 IRES to regulate IRES-dependent

translation, and hnRNP A2 shows a similar function during

EV71 infection. Furthermore, EV71 infection stimulates the

phosphorylation of p38 mitogen-activated protein kinase

(MARK), which induces the cytoplasmic relocalization of

hnRNP A1 and induces IRES-mediated viral protein

translation (56). A study indicated that EV71 translation could

be restrained by inhibition of hnRNP A1 shuttling from the

nucleus to the cytoplasm through the use of an inhibitor

(SB203580) that can inhibit p38 MAPK (57). The association

of hnRNP A1 and A2 on EV71 IRES was demonstrated to be

inhibited by a dietary flavonoid called apigenin, and virus

infection was downregulated when cells were given apigenin

(53), which could be that apigenin target the glycine-rich

domain of hnRNP A2, disrupting its multimerization and

splicing activity (58). HnRNP A1 can trigger IRES-mediated

translation of human rhinovirus (HRV) RNA and inhibit IRES

activity of apoptotic peptidase activating factor 1 (apaf-1)

mRNA. The binding of hnRNP A1 to the apaf-1 IRES hinders

apaf-1 from hampering cell apoptosis and guaranteeing that the

virus propagates sufficiently before releasing virions (59). The

EV71 3C protease cleaves hnRNP A1, promoting apaf-1

translation and apoptosis and enables virus spreading (54) (see

Figure 2B). Besides, hnRNP A1 could bind to the 5’-untranslated

region (UTR) and 3’-UTR of the HCV genome, forming a

complex with NS5b and septin 6 to promote viral replication

(20) (see Figure 2C). In addition to IRES-mediated translation of

RNA viruses, hnRNP A1 could also affect non-IRES-initiated

translation, such as that of Sindbis virus (SINV). And during

SINV infection, hnRNP A1 also undergoes retention in the

cytoplasm, binding to the 5’ UTR of SINV RNA and

promoting SINV translation, but the exact mechanism

remains to be explored (60) (see Figure 2D).

HnRNP A2 has been confirmed to interact with Japanese

encephalitis virus (JEV) NS5 by binding to the 5’ UTR of the

negative-stranded RNA to enhance viral replication (61).

Additionally, hnRNP A2 also binds to the 3’ UTR of DENV

(62). And hnRNP A2 has been discovered to show RNA-binding

activity similar to that of hnRNP A1 to MHV, modulating MHV

RNA synthesis (63). During persistent Junıń virus (JUNV)

infection, not only was the location of hnRNP A/B rearranged

to the cytoplasm, but the expression level of hnRNP A/B was

also lowered than that under normal conditions (64). And when

hnRNP A1 and hnRNP A2 were silenced, the replication of

JUNV was significantly reduced, and JUNV infection caused the
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cytoplasmic distribution of hnRNP A1 but not hnRNP A2

(61, 65).
HnRNP C

HnRNP C is a critical RNA-binding protein with functions

in RNA expression, stability, mRNA splicing, nonspecific

sequence exportation and 3’-end processing (66, 67). HnRNP

C is predominantly located in the nucleus, and its expression

level was upregulated in multiple tumours, including lung

cancer, hepatocellular carcinoma, glioblastoma, melanoma and

breast cancer (68–71). HnRNP C1/C2 consists of a RRM, a basic

leucine zipper-like motif (bZLM), a NLS and an acid-rich C-

terminal domain. There are 13 amino acid residues between

RRM and bZLM in hnRNP C2, distinguishing it from hnRNP

C1 (67). HnRNP C proteins can form C13C2 tetramers in native

hnRNP complexes (32, 66, 72).

Although HnRNP C1/C2 is normally located in the nucleus,

its trafficking from the nucleus to the cytoplasm is observed

during PV and RV infection (68). This relocalization may be

attributed to either of the two mechanisms: the degradation of

the nuclear pore complex (NPC) or the interaction with viral

proteins and cellular proteins (66). The NPC forms a channel

that allows macromolecules to shuttle between the cytoplasm

and nucleus (69). Degradation of the NPC components Nup153

and p62 during RV or PV infection may be related to the

inhibition of nuclear import pathways, resulting in

cytoplasmic accumulation of hnRNP C1/C2 (70, 71).

HnRNP C can interact with PV RNA and proteins to

stimulate viral RNA synthesis, as hnRNP C serves as an

important component of RNP during PV infection-induced

complex formation that promotes the initiation of positive-

strand RNA synthesis (72). HnRNP C binds to both termini of

virus negative-stranded RNA, forming a multimer that facilitates

PV RNA synthesis. And C-terminal truncated hnRNP C1/C2

inhibits PV replication, suggesting that hnRNP C1/C2 associates

with PV RNA through its C-terminus (72). During picornavirus

infection, negative-stranded RNA is the template for viral

replication, and the circulation of viral RNA is crucial for

efficient replication, so the hnRNP C stabilizing interaction

between the 5’-UTR and 3’-UTR of negative-stranded RNA

contributes to viral replication (32).

Other members of the Picornaviridae family may show the

same regulatory action due to the highly conserved sequence

within the IRES (73). During Coxsackie B virus (CVB3)

infection, hnRNP C1/C2 could bind to the 5’ UTR of virus

RNA and replace polypyrimidine tract-binding protein (PTBP,

or hnRNP I) and bind to stem-loop V in the CVB3 IRES,

inhibiting the translation of CVB3. And it could mediate the

translation-replication switch without the help of CVB3 3CD

(73, 74). Interestingly, hnRNP C1/C2 exhibits a higher affinity
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for negative-stranded viral RNA than positive-strand viral RNA,

although positive-strand viral RNA outnumbered negative-

stranded viral RNA (74). During CVB3 infection, the positive-

stranded/negative-stranded viral RNA ratio altered under the

control of hnRNP C1/C2 (74).

In addition to interacting with picornavirus RNA, hnRNP

C1/C2 has been discovered to bind to precursors of PV 3CD, P2

and P3 precursors, which likely recruit 3CD to the replication

complex/replication organelle (RC/RO) (68). The RC/RO is a

unique structure that forms in positive RNA virus-infected cells

and contains several viral proteins and host factors required for

efficient replication of viral RNA (75). And how the association

of hnRNP C1/C2 and RC/RO contribute to the viral replication

require further investigation.

Multiplication of a member of Flaviviridae family is also

reported to be regulated by hnRNP C1/C2 (76). Knockdown of

hnRNP C1/C2 using specific siRNA, and the hnRNP C1/C2

knockdown cells were less infected by DENV compared to

normal cells. And the viral RNA level and relative expression

level of viral proteins declined while hnRNP C1/C2 is knocked

down (but not through directly resisting viral translation).

Notably, the supernatant virus titers were also lowered in

hnRNP C1/C2 knockdown cells (77). HnRNP C1/C2 can also

interact with the DENV NS1 protein, but whether it affects

DENV infection remains unknown, and further exploration is

required (76).
HnRNP D

Due to alternative exon splicing, four protein isoforms of

hnRNP D (also known as AU-rich element RNA-binding

protein 1, AUF1) have been identified and named based on

their molecular weight: p37AUF1, p40AUF1, p42AUF1 and p45AUF1.

All these isoforms contain two RRMs and a glutamine-rich (Q-

rich) motif (16). Isoforms p37AUF1 and p40AUF1 have a nuclear

import signal, while p42AUF1 and p45AUF1 have a nuclear export

sequence within exon 7, while the two smaller isoforms lack the

sequence (78). All four isoforms of hnRNPD were reported to be

mainly located in the nucleus, but they could shuttle between the

cytoplasm and nucleus in a transcription-dependent manner. It

was also suggested that the interaction between the smaller two

isoforms and two larger isoforms might contribute to the shuttle

function of hnRNP D. HnRNP D is an extensively studied AU-

rich-binding protein predominantly responsible for rapid

mRNA degradation. In addition, hnRNP D regulates the

stabilization of ARE-mRNAs and the transcription of certain

genes (79).

Among the hnRNPD isoforms, p45AUF1 significantly promotes

the replication of several members of the Flaviviridae family,

including Zika virus (ZIKV), West Nile virus (WNV), DENV
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and HCV (80). It was reported that p45AUF1 could reinforce

WNV RNA synthesis by inducing a structural shift of WNV

RNA and enhancing the WNV RNA 5’- 3’ interaction by binding

the AU-rich region of the WNV RNA 3’UTR and destabilizing the

3’ stem structure of the 3’ CL of WNV RNA (81). The same

research group reported that although hnRNP D is generally

considered an AU-rich binding protein, the AU-rich sequence of

WNV RNA was not required for p45AUF1-mediated WNV

replication reinforcement in vitro but was necessary in cellulo

(81). In addition to acting as an RNA chaperone for WNV RNA,

p45AUF1 was also suggested to have an annealing function over

WNV RNA, and the RNA chaperone activity is regulated by

arginine methylation at the C-terminus of p45AUF1. The

methylation of p45AUF1 mediated by methyltransferase PRMT1

remarkably increases p45AUF1 affinity to WNV RNA, thereby

strengthening the binding ability of p45AUF1 to viral RNA and

supporting efficient WNV RNA synthesis (82).

Similar to the function of hnRNP D during WNV infection, a

later study demonstrated that p45AUF1 also destabilizes DENV and

ZIKV RNA 3’ stem-loops as well as 5’ stem-loops to facilitate

negative-stranded RNA synthesis by aiding in shifting viral

translation to replication. As expected, depletion of p45AUF1

reduced DENV and ZIKV replication in human cells (80). The

interaction of hnRNP D and HCV IRES facilitates viral translation

(p45AUF1 had the strongest effect), and siRNA-mediated

knockdown of hnRNP D remarkably downregulated viral

replication (83). Encouragingly, HCV RNA can move from heavy

polysomes to light polysomes when hnRNP D is reduced (83).

Unlike the roles of hnRNP D in the Flavivirus family, hnRNP

D is predominantly a restriction factor of viral replication for

enteroviruses (37, 84). All four isoforms were reported to bind to

stem-loop IV of both PV and HRV, and the copy numbers of the

viruses were increased in the absence of hnRNPD, suggesting that

hnRNP D somehow limited the virus infection (85). HnRNP D

could restrict PV and CVB3 replication by inhibiting viral RNA

synthesis and IRES-driven translation, and the inhibition of

hnRNP D on viral RNA synthesis is not due to interacting with

the 3’ NCR of viral RNA or inducing viral RNA decay (86).

Interestingly, EV71 translation is affected by hnRNP D but not

EMCV RNA synthesis (86). Although cytoplasmic retention of

hnRNP D was discovered in PV-, CVB3-, HRV-, EV71- and

EMCV-infected cells, EMCV uses a different approach from other

enteroviruses (37). And unlike other enterovirus 2A protein acting

as a protease, the 2A protein of EMCV does not exhibit protease

activity. However, it was indicated that Nup62 and Nup153 were

targeted by both enterovirus 2A protein (through cleavage) and

EMCV L protein (through phosphorylation), and thus, the

nucleocytoplasmic transport feature of them was altered (70,

87). HnRNP D colocalizes with the 2A protein near the

predicted replication complex in the cytoplasm in PV- and

HRV16-infected cells (85).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.989298
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.989298
In addition to changing the properties of the nuclear pore

complex, the 3C/3CD of several enteroviruses blocks the restriction

activity of hnRNPD by impairing their multiplication (86). HnRNP

D was confirmed to be cleaved by 3C/3CD of PV, HRV and CVB3

(86). This cleavage results in disruption of hnRNP D binding to

stem-loop IV of the viral RNA strand and thus resists restriction of

hnRNP D on virus propagation, possibly caused by cleavage at the

N-terminus to impair the dimerization of hnRNP D (85).

Furthermore, because the CVB3 genome contains AU-rich

sequences within the 3’ UTR, the cleavage of hnRNP D by CVB3

3CD can disrupt the binding of hnRNP D to the 3’ UTR of CVB3;

thus, the stability of viral RNA is reinforced (84) (see Figure 3).

Unlike the situation during enterovirus infection, there were not

observable cleavage of hnRNP D was detected during EMCV

infection (37). According to the studies mentioned above, the

distinct behaviour of hnRNP D during EMCV infection might

attribute to the alternative function of EMCV 2A protein (85–87).

Notably, hnRNP D was also reported to be recruited to stress

granules (SGs) during high-dose infection with CVB3 and EV71

(88). Stress granules are complexes without membrane structures

that form under stress pressure, such as viral infection, and can

stall overall translation, including viral translation (89), so figuring

out relationships of hnRNP D and viral RNA/proteins within SGs

might reveal a mechanism that affect viral translation.
HnRNP E

HnRNPs E1 and E2 are also known as poly(C)-binding

protein-1 (PCBP-1) and PCBP-2. The remaining two members

(hnRNP E3 and E4) are divergent from hnRNP E1 and E2 (16,
Frontiers in Immunology 07
76
90). Unlike hnRNP E1 and E2, which are located in the nucleus,

hnRNP E3 and E4 are identified to be predominantly in the

cytoplasm, and are generally not considered as hnRNPs. And

they all contain 3 KH domains (16). Each KH domain contains

three a-helices and three b-folds and can target specific RNA

and DNA. The sequences in KH domains are highly conserved,

but sequences outside the KH domains vary. Both hnRNP E1

and E2 are highly expressed in the nucleus, exhibiting 89%

similarity in sequence homology. However, the cytoplasmic roles

of hnRNP E1 and E2 have attracted considerable attention

because of their roles in alternative splicing, mRNA stability

and translation. As an RNA chaperone, hnRNP E1 can unfold

the secondary structure of the IRES, facilitating the binding of

hnRNP I and recruitment of ribosomes to initiate translation

(17, 90).

HnRNP E were predominantly reported to be associated

with stem-loops of viral RNA, within cloverleaf or IRES (91–97).

During PV infection, hnRNP E2 was confirmed to bind to stem-

loop V of PV IRES and required for PV translation (91, 92). Both

hnRNP E1 and hnRNP E2 bind to stem-loop IV and cloverleaf,

and they form heterodimers to interact with PV RNA to

reinforce viral translation (93). Another study pointed out that

although hnRNP E1 and E2 both have the capacity to bind to PV

cloverleaf and stem-loop IV, these two isoforms have different

affinities: hnRNP E2 was identified to have a much stronger

capacity to bind to PV stem-loop IV than hnRNP E1, while the

binding ability of PV cloverleaf was similar (97). Furthermore,

hnRNP E binds to stem-loop B of PV RNA cloverleaf to

remarkably strengthen PV 3CD binding to stem-loop D of PV

RNA cloverleaf, and they form a hnRNP E-RNA-3CD ternary

complex (93) (see Figure 4). Together, hnRNP E and PV 3CD
FIGURE 3

Functions of hnRNP D in enterovirus replication. During enterovirus infection, hnRNP D translocates from nucleus to cytoplasm in a 2A protein-
dependent manner. The presence of hnRNP D could restrict enterovirus RNA replication. Enterovirus 3C/3CD could cleave hnRNP D and
disable it from inhibiting virus RNA replication (85, 86).
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can modulate the switch from viral translation to replication

(94). It was assumed that cleavage of hnRNP E by PV 3C/3CD

mediates the viral translation-replication shift because the

cleavage between the KH2 and KH3 domains results in the

truncated hnRNP E that lacks the KH3 domain, with intact

function in replication but impaired function in translation (95).

Interestingly, a study indicated that PV 3CD binds to cloverleaf

stem-loop D of PV RNA to rearrange hnRNP E from binding PV

cloverleaf to stem-loop IV to some degree, while the importance

of this activity remained unspecified (96).

During EV71 infection, hnRNP E1 binds to stem-loops I and

IV within the 5’-UTR after being recruited to the viral

membrane-associated complex to facilitate replication (99).

APOBEC3G (A3G), a broad-spectrum antiviral factor,

competitively binds to the EV71 5’-UTR to restrain the

interaction between the 5’-UTR and hnRNP E1 and inhibiting

viral replication and protein synthesis (100). Whether A3G

could inhibit 5’ UTR-hnRNP E1 interaction of other viruses

awaits future studying.

This KH domain-dependent hnRNP E-viral RNA

interaction could protect PV RNA from 5’ exonuclease and

maintain viral RNA stability of coxsackieviruses, echoviruses,

and rhinoviruses (101). Stabilized viral RNA is essential not only

for viral polysome formation but also for efficient viral

translation and replication (101, 102). The interaction of the

hnRNP E2 KH3 domain and PV cloverleaf could stimulate PV

translation, along with the interaction between PV 2A and poly

(A) tail (103). CVB3, another enterovirus member, was also

reported to interact with hnRNP E (104). HnRNP E2 was

identified to interact with cloverleaf and IRES IV of CVB3
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RNA, with its KH1 domain binding to subdomain C of IRES

IV and the KH3 domain binding to subdomain B of IRES IV

(105). Similar to the findings in PV-infected cells, hnRNP E

binding to the cloverleaf of CVB3 RNA to facilitate the synthesis

of viral subgenomic negative-stranded RNA (106).

Calicivirus IRES was slightly distinct from type I IRES of PV,

it constituted an important GNRA tetraloop in subdomain d10c.

This tetraloop was identified to bind to the KH1 and KH2

domain of hnRNP E2, along with another subdomain d10b

within IRES binding to the KH3 domain of hnRNP E2. And the

KH2 domain of hnRNP E2 is required for efficient calicivirus

replication initiation (107). HnRNP E1 and E2 also interact with

HCV 5’ UTR RNA, but their roles during HCV infection require

more research to specify (108). A later study demonstrated that

hnRNP E2 could bind to HCV IRES to promote viral translation.

hnRNP E2 partially localize to the detergent-resistant membrane

fraction and associate with HCV nonstructural protein NS5 to

facilitate viral replication by circularizing the HCV genome

within the HCV replication complex (109). Porcine

reproductive and respiratory syndrome virus (PRRSV) was

also associated with hnRNP E1 and E2 (110). HnRNPs E1 and

E2 were discovered to interact with the PRRSV RNA 5’UTR and

nonstructural protein 1b (nsp1b) to be involved in PRRSV

genome replication and transcription and colocalize with the

viral replication and transcription complex in the cytoplasm

(110). Another study confirmed that the nsp1b-hnRNP E2

interaction requires the C-terminal extension (CTE) domain

and C-terminal papain-like cysteine protease domain (PCPb)
domain of PRRSV nsp1b and the KH2 domain of hnRNP E2,

and its putative mechanism for modulating viral translation and
FIGURE 4

HnRNPs regulate picornaviral RNA synthesis. During picornavirus infection, viral genome circularizes through the interaction of hnRNP E-
cloverleaf-3CD complex with PABP to initiate the synthesis of minus-strand RNA. The hnRNP E could bind to cloverleaf of positive-strand RNA
with 3CD precursor while hnRNP C could bind to the minus-strand RNA with viral 2C ATPase to stabilize the cloverleaf structure. The processes
of RNA replication rely on the interaction between hnRNPs and viral template RNA (98).
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replication is through controlling the translation-replication

switch (111). Both hnRNP E1 and hnRNP E2 can interact

with the P protein of vesicular stomatitis virus (VSV) and

antagonize vira l infect ion by reducing vira l gene

expression (112).
HnRNP I

HnRNP I, also known as PTBP, regulates splicing by binding

to polypyrimidine stretches at a branch point upstream of exons.

Similar to the structure of hnRNP L, hnRNP I composed of four

RRMs. Both hnRNP L and hnRNP I participate in RNA-related

biological processes, including mRNA stabilization, pre-mRNA

and translation. Both PTBP1 and PTBP2 can interact with CU

repeats to repress nonconserved cryptic exons (113).

During positive single-stranded RNA virus infection,

hnRNP I can regulate viral IRES-dependent translation and

viral replication (114–117). As for picornaviruses, the IRES-

mediated translation of EMCV and FMDV can be enhanced by

hnRNP I (114, 115). More specifically, it has been shown that

hnRNP I can bind to the FMDV IRES, forming an initiation

complex with 48S and 80S (115). HnRNP I has also been shown

to bind to the 3’ terminus of HCV RNA and support viral

replication (116, 117). However, the role of hnRNP I during

HCV infection is controversial; some articles suggest that

hnRNP I promotes HCV translation and replication, while

several articles have opposite opinions (118–122). A small-

molecule compound, 6-methoxyethylamino-numonafide

(MEAN), can inhibit HCV replication by hampering the

expression level and redistribution of hnRNP I (123).

Interestingly, during PV (sabin strain)-infection, an isoform of

hnRNP I that is specifically expressed in neurons was identified

to have a different function. Although neuron-specific hnRNP I

shares 70% of the amino acids, it failed to rescue viral translation

in hnRNP I-knockdown cells (124).
HnRNP K

HnRNP K is a versatile RNA-/DNA-binding protein that is

involved in multiple fundamental processes of gene expression

and signalling, including chromatin remodelling, RNA splicing,

mRNA stability, transcription and translation (125).

Furthermore, hnRNP K is critical for cellular DNA damage

repair and tumorigenesis (126). Similar to hnRNP E, hnRNP K

contains three KH domains (KH1, KH2 and KH3), a K-

interaction (KI) domain, a NLS, a nuclear shuttling domain

(KNS), a proline-rich domain and an interactive region with a C-

terminal kinase (cKBR) (125).

During HCV infection, hnRNP K was identified to interact

with the HCV core protein and 5’ UTR of HCV RNA (127, 128).

It was confirmed that amino acids 1-155 of the HCV core
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protein and amino acids 250-392 of hnRNP K (consist of 3

proline-rich domains) were responsible for the binding (127).

Although how the modulation occurs remained unclarified,

binding of hnRNP K to stem-loop I within the 5’ UTR of

HCV RNA could aid HCV replication. Notably, hnRNP K was

partially rearranged from the nucleus to the cytoplasm to

colocalize with NS5A, a viral protein that is related to HCV

replication complex formation (128). Interestingly, miR-122, as

a highly expressed microRNA in livers, was also confirmed to

bind to hnRNP K. And the interaction between miR-122 and

hnRNP K would increase the stability of miR-122 and may

possess the capacity to modulate HCV replication (129).

Another study pointed out that hnRNP K binds to positive-

stranded RNA of HCV and is recruited to lipid droplets to

suppress HCV particle production, possibly by restraining the

genome from packaging into virions without impairing viral

replication, but viral RNA-hnRNP K interaction or

downregulation of viral particles producing was not found

during DENV infection (130). However, a study indicated that

hnRNP K could affect viral multiplication and release by

associating with vimentin and DENV NS1 because disruption

of vimentin reduced nuclear expression of hnRNP K and

downregulated virus titers of cell-associated DENV and

culture supernatant (33). A similar phenomenon was observed

during JEV infection, and JEV NS1 also interacted with vimentin

and hnRNP K to support viral propagation (131).

HnRNP K was suggested to bind to the IRES of both EV71

and FMDV RNA, although the binding sites of hnRNP K on the

IRES were slightly different (34, 132). Stem-loop I, II and IV of

FMDV RNA were determined to interact with hnRNP K, and

this interaction may result in enhanced viral RNA synthesis (34).

During FMDV infection, hnRNP K binds to domains II, III and

IV of FMDV IRES and thus inhibits FMDV translation by

replacing PTB, which functions as an ITAF to promote FMDV

translation (132). Notably, FMDV 3CD protease could cleave

hnRNP K at Glu-364, producing two cleavage products, hnRNP

K (aa 1-364), remining a minor restriction on FMDV IRES-

mediated translation, and hnRNP K (aa 364-465), which was

confirmed to promote FMDV propagation (132). HnRNP K

could also be cleaved by PV and CVB3 3C protease, although

hnRNP K could benefit the virus infection (133).

For JUNV, hnRNP K was confirmed to be recruited from the

nucleus to the cytoplasm during infection to favour virus

propagation (65). SINV nsP1, nsP2 and nsP3 were found to be

coimmunoprecipitated with hnRNP K, and nsP2 could

colocalize with hnRNP K in infected cells (134). HnRNP K

could also interact with Chikungunya virus (CHIKV) nsP2 and

capsid, and knockdown of hnRNP K induces lower virus copies,

suggesting that it may play an essential role in CHIKV

multiplication (135). HnRNP K is also required for VSV

infection by several mechanisms (136). First, hnRNP K

suppresses the apoptosis of VSV-infected cells, promoting cell

survival for efficient viral propagation (136). Notably, hnRNP K
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restricts the expression of T-cell-restricted intracellular antigen

isoforms 1a and 1b (TIA1a and TIA1a), both of which can

suppress VSV replication. Additionally, hnRNP K maintains the

level of cellular proteins that are required for VSV infection,

such as the alanine deaminase-like (ADAL) proteins GBF1 and

ARF1 (136).
HnRNP L

Similar to other members of hnRNPs, hnRNP L is involved

in mRNA stabilization, mRNA transportation, pre-mRNA

splicing and IRES-mediated translation. HnRNP L was first

identified as a member of the hnRNP family. In particular, it

has been reported that hnRNP L-directed RNA switches regulate

the stress-dependent translation of vascular endothelial growth

factor A (VEGFA) and promote cell apoptosis (137).

Furthermore, hnRNP L mediates cryptic exon repression by

acting as a splicing factor and utilizing CA-rich elements (138).

HnRNP L can also interact with other hnRNP family members,

including hnRNP K, hnRNP I and hnRNP E2 (139, 140).

HnRNP L has four consensus RRM domains, and although it

is primarily distributed in the nucleus, it can be localized to the

cytoplasm under hypoxic conditions (137).

HCV could recruit cellular eukaryotic initiation factors

(eIFs) and ITAFs to the IRES elements, initiating and

modulating translation through a complicated network of

RNA–protein and protein–protein interactions and the contact

between the 5’- and 3’-ends of the viral genome (21). HnRNP L

specifically binds to the HCV IRES, promoting viral translation.

And HCV IRES-mediated translation enhanced by hnRNP L

could be blocked by an RNA aptamer specific for hnRNP L (21).

In addition, HCV infection mediates the coprecipitation of

hnRNP L with NS5A and increases the amount of hnRNP L

associated with viral replication complexes (141). Depleting

hnRNP L impairs viral replication and attenuates viral yield

but does not affect HCV IRES-driven translation (141). FMDV

IRES can specifically bind hnRNP L, negatively regulating viral

replication in a manner that differs from IRES-dependent

translation. Because hnRNP L could interact with FMDV

3Dpol in the presence of FMDV RNA, it was speculated that

hnRNP L inhibits viral RNA synthesis in the replication complex

(142). And for the limited amounts of studies on how hnRNP L

affect positive singe-stranded RNA viruses life cycle (21, 141,

142), more investigations are needed to explain its function

during virus infection.
HnRNP M

As a component of the spliceosome complex, hnRNP M (or

CEAR) is abundant in the nucleus and comprises four different

isoforms generated by alternative splicing. The four isoforms
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constitute three RRMs with shifting locations (29, 143). HnRNP

M is a critical splicing regulatory protein for some receptors with

divergent physiological functions, such as fibroblast growth

factor receptor 2 (FGFR2) and dopamine D2 receptor (D2R)

(144, 145). Recent studies have revealed well-documented roles

for hnRNP M in cancer metastasis, muscle differentiation and

innate immune gene expression (146–148).

HnRNP M silencing can increase the replication of SINV,

CHIKV and Semliki Forest virus (SFV), indicating hnRNP M

could impede virus infection. And it is worth mentioning that

hnRNP M, hnRNP C and hnRNP E1 colocalize with viral

replicases in the cytoplasm (149). In contrast, knockdown of

hnRNP M and hnRNP F significantly decreased DENV

production, indicating the proteins are required for efficient

viral production (150).

A subsequent study reported that loss of hnRNPM results in

hyperinduction of a cohort of inflammatory and antimicrobial

genes in VSV-infected macrophages, enhancing macrophage

antiviral defences and controlling virus infection. This finding

reveals that hnRNP M could restrain macrophage antiviral

functions and positively regulate virus replication (151).

During picornavirus infection, hnRNP M is cleaved by 3C/

3CD of CVB3 and PV at position Q389/G390 between RRM2

and RRM3. Although the four isoforms of hnRNP M differ in

length, all isoforms have this cleavage site (152). In addition,

hnRNP M and/or its cleavage products were identified to

facilitate protein synthesis and replication of PV, but they

were not required for PV IRES-mediated translation or viral

RNA stability maintenance (152).

HnRNP M also associate with innate immune pathways to

regulate virus infection (148, 153). When retinoic acid-inducible

gene-I (RIG-I)-like receptors (RLRs) recognize the viral genome,

and the innate immune response is triggered against invading

pathogens (153). During virus infection, hnRNP M can interact

with RIG-I and MDA5 in a viral infection-dependent manner

and negatively regulate the induction of antiviral genes triggered

by Sendai virus (SeV) or EMCV (153). Moreover, hnRNP M

could bind to viral RNA and weaken its binding affinity to RIG-I

and MDA5, suggesting that hnRNP M could inhibit the innate

antiviral response by antagonizing the sensing of viral RNA by

RLRs (148).
Other hnRNPs

Unlike other hnRNP proteins, hnRNP F and H appear to

bind poly(G)-rich tracts, whose RRMs are not conserved and

described as quasi-RRMs (qRRMs). In addition to regulating the

maturation and posttranscriptional processing of pre-mRNA,

hnRNP H/F protein was recently found to localize to stress

granules in response to cellular stress. Although recognizing

similar sequences, hnRNP F was upregulated, while hnRNP H

and H2 were significantly down-regulated during Nipah virus
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infection (154). With 2D-gel electrophoresis and MALDI-TOF

analysis, hnRNP H was identified to regulate DENV

multiplication by affecting TNF-a production (155). HnRNP

H was also reported to interact with the NS1 protein of DENV,

aiding viral propagation, although the exact mechanism still

remained unclear (156). The hnRNP U (also known as scaffold

attachment factor-A, SAF-A), a key RNA-binding protein in

processing newly transcribed RNA and chromatin organisation

in interphase, was identified to interfere induction of some

antiviral immune genes during VSV infection, and it may

result from VSV-induced cleavage of hnRNP U which

depleted C-terminal RGG domain, the RNA binding

domain (157).

Other than interacting with positive single-stranded RNA

viruses, hnRNPs could also affect life cycle of retrovirus (158).

For example, hnRNP A1, AB, H and F were identified as HIV

splicing factors that regulate HIV-1 splicing (158, 159). The

splicing of HIV RNA increases the coding potential of the viral

genome and controls viral gene expression. HnRNP A1, Q, K, R

and U can bind to Rev protein specifically, which is a significant

regulator in the HIV replication cycle. The knockdown of

hnRNP A1, Q, K and R has a negative impact on HIV

replication, while knockdown of hnRNP U can increase viral

production (160). It is worth noting that the N-terminal 86

amino acids of hnRNP U could downregulate HIV mRNA

transcription in the cytoplasm (139). HnRNP associated with

lethal yellow (RALY), which shares a high sequence similarity

with hnRNP C, regulates the expression of the HIV coreceptor

CCR5 by binding to its 3’UTR (161). Thus, hnRNP proteins

modulate HIV-1 gene expression by a series of multiple

mechanisms. Using a proteomic strategy to define polysome

specialization during RNA virus infection, hnRNP R has been

identified as a novel ITAF recruited by PV for translation (162).
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HnRNP P (also known as FUS/TLS) directly inhibits the

transcription and translation of CVB3 by inducing the

formation of SGs, the production of IFN-I and inflammatory

cytokines (163). Because of their key roles in the regulation of

gene expression, it is not surprising that hnRNP proteins are

involved in viral infection. These hnRNP proteins directly or

indirectly influence viral translation and replication.
Conclusion

Despite their diversity in structure (from hnRNP A1 to U),

hnRNPs are involved in multiple cellular processes, including

pre-mRNA processing, mRNA transport, regulation of

translation, and controlling miRNAs (164, 165). To date, it has

become clear that hnRNPs are crucial players in the cancer and

neurodegenerative disease, and they are also established as

playing either antiviral or pro-viral roles (44, 166).

Given their diverse and important functionalities, it is not at

all surprising that many hnRNPs have been linked either directly

or indirectly to viral replication and pathogenesis. Normally,

hnRNP I involves in pre-mRNA splicing, IRES-dependent

translation initiation, RNA polyadenylation, transportation

and stability, and cell differentiation (164). During infection,

hnRNP I could act as an ITAF for HRV and FMDV IRES, which

stimulates and controls viral translation (114, 115). Similar to

hnRNP I, many hnRNPs could be manipulated by single-

stranded RNA viruses via interacting with viral RNA or

proteins to aid their life cycle proceeding (46, 74, 81, 91, 114).

And a few hnRNPs display distinctive effects when host cells are

infected with different positive-stranded RNA viruses. Here, we

summarize the functions of hnRNPs that participate in different

stages of positive single-stranded RNA viruses (see Figure 5).
FIGURE 5

HnRNPs in the positive single-stranded RNA virus life cycle. HnRNPs play important roles in the life cycle of single-stranded RNA viruses,
including viral translation, replication, the switch of translation to replication and the release of mature virions. The hnRNPs in yellow boxes were
discovered to participate in these processes.
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Notably, most hnRNPs shuttle continuously between the

nucleus and the cytoplasm, which means the localization of

hnRNPs is also vital for virus infection (65, 85, 110, 111).

Positive-stranded RNA viruses replicate in the cytoplasm,

which is associated with virus-induced membrane structures

(99). Many nuclear resident hnRNPs underwent cytoplasmic

relocalization during viral infection, including hnRNP A1,

hnRNP C, hnRNP D, hnRNP E, hnRNP K and hnRNP M (49,

70, 85, 110, 128, 149). In term of hnRNP A1, the best-known

member of hnRNP family, can interact with multiple viral

proteins or RNA and regulate their life cycles, including SARS,
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HCV, DENV, MHV, PEDV, EV71, JUNV and SINV (35, 46, 47,

50, 54, 64). Like hnRNP A1, the common effects of hnRNPs on

positive single-stranded RNA viruses reported were promotion

of viral replication or translation (55, 81, 98).

The positive single-stranded RNA viruses take advantage of

hnRNP family for their sufficient proliferation. In the case of

Picornaviridae, PV infection requires hnRNP C, hnRNP D,

hnRNP E, hnRNP R, hnRNP K, hnRNP M and hnRNP I (72,

85, 95, 103, 124, 152, 162). Meanwhile, PV applies strategy to

cleave hnRNP E, hnRNP K, hnRNP M and hnRNP I by viral 3C

protease and abolish their binding capacity (96, 133, 152). And
TABLE 1 A brief summary of the functions of hnRNPs in the positive single-stranded RNA virus life cycle.

HnRNP Virus Functions during positive single-
stranded virus life cycle

Viral RNA/protein that harm interplay with References

A/B Flaviviridae
Picornaviridae
Coronaviridae
Arenaviridae
Togaviridae

HCV,
DENV
EV71, HRV
SARS-CoV-
2, PEDV,
MHV
JUNV
SINV

Enhance virus RNA replication, enhance viral
translation, modulate virions release

SARS-CoV-2 N protein, PEDV N protein, EV71 3C
protein, IRES of EV71 RNA, 5’ UTR and 3’ UTR of HCV
RNA, SARS-CoV-2 RNA

(45–52, 55–
60)

C1/C2 Flaviviridae
Picornaviridae

HCV,
DENV
PV, CVB3

Enhance virus RNA replication, enhance/inhibit
viral translation, mediate switch of viral
translation to replication

DENV NS1 protein, negative-strand RNA of PV, IRES of
CVB3 RNA

(32, 72–74,
76, 77)

D Flaviviridae
Picornaviridae

HCV,
WNV,
ZIKV,
DENV
PV, CVB3.
HRV,
EMCV

Enhance viral translation, enhance virus RNA
replication
Inhibit virus RNA replication

IRES of HCV RNA, 3’ end and 5’ end of DENV RNA,
WNV and ZIKV RNA, PV and HRV 3C protein, PV and
CVB3 2A protein

(80–86)

E Flaviviridae
Picornaviridae
Rhabdoviridae
Togaviridae

DENV
EV71, PV
VSV
SFV

Enhance viral translation
Inhibit viral gene expressing

5’ CL of PV RNA, 5’ UTR of EV71 RNA, PV 3C/3CD
protein, DENV core protein, VSV P protein

(91–97, 99–
106)

I Flaviviridae
Picornaviridae
Hepeviridae

HCV
ECMV,
FMDV, PV
HEV

Enhance viral translation, enhance virus
replication

IRES of EMCV RNA, 5’ UTR (IRES) of PV RNA, 3’
terminal of HCV RNA, PV 3C protein

(114–124)

K Flaviviridae
Picornaviridae
Arenaviridae
Rhabdoviridae
Togaviridae

DENV,
HCV
EV71,
FMDV
JUNV
VSV
CHIKV,
SINV

Enhance viral translation, enhance virus
replication, virion assembly and release
Inhibit viral protein synthesis

IRES of HCV and EV71 RNA, HCV core protein, DENV
core protein, HCV NS3 and core protein

(33, 34, 127–
134)

L Flaviviridae
Picornaviridae

HCV
FMDV,
EMCV,
CVB3

Enhance viral translation, inhibit viral RNA
replication
Inhibit viral translation

RCs of FMDV and HCV, FMDV 3CD protein, CVB3 2A
protein and 3C protein

(21, 137–142)

M Flaviviridae
Picornaviridae
Togaviridae
Rhabdoviridae

DENV
PV, CVB3,
EMCV
SINV, SFV,
CHIKV
VSV

Enhance viral translation, enhance viral RNA
replication, evade immune response
inhibit virus replication

PV and CVB3 3C/3CD protein (148–153)
fr
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many other positive single-stranded RNA viruses and hnRNPs

share this similar pattern (54, 133). Furthermore, some hnRNPs

have been reported to interact with other host proteins to

modulate viral propagation (20). HnRNP A1 could interact

with HCV NSb5 and septin 6 to enhance viral RNA

circulation and eventually reinforce viral replication (20).

This review focuses on the interactions between hnRNPs and

positive single-stranded RNA viruses. Here, we compared and

discussed the function of hnRNPs in regulating the activity of

viral translation (see Table 1) via protein-RNA interaction

during different viral infection. And it seems that hnRNPs

particularly bind to IRES of virus RNA to achieve this (21, 53,

107). Although the importance of hnRNPS during single-

stranded RNA virus infection are explored in some extent (45,

74, 83), the exact mechanisms by which these interactions affect

viral life cycle are not fully understood. Investigations into the

precise function of these hnRNPs in viral infection are likely to

provide great mechanistic insights and potential therapeutic

targets for these infectious diseases.
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Innate immune evasion
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Yihan Liu1,2,3†, Yupei Yuan2,3† and Leiliang Zhang1,2,3*

1Department of Infectious Diseases, Shandong Provincial Hospital Affiliated to Shandong First
Medical University, Jinan, China, 2Department of Pathogen Biology, School of Clinical and Basic
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Alphaviruses contain many human and animal pathogens, such as CHIKV, SINV,

and VEEV. Accumulating evidence indicates that innate immunity plays an

important role in response to alphaviruses infection. In parallel, alphaviruses

have evolved many strategies to evade host antiviral innate immunity. In the

current review, we focus on the underlying mechanisms employed by

alphaviruses to evade cGAS-STING, IFN, transcriptional host shutoff,

translational host shutoff, and RNAi. Dissecting the detailed antiviral immune

evasion mechanisms by alphaviruses will enhance our understanding of the

pathogenesis of alphaviruses and may provide more effective strategies to

control alphaviruses infection.
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Introduction

Alphaviruses are positive-stranded RNA viruses and belong to the Togaviridae family

(1). It contains many important human and animal pathogens, such as chikungunya

virus (CHIKV), Sindbis virus (SINV), and Venezuelan equine encephalitis virus (VEEV).

Affected by geographical factors and climatic conditions, alphaviruses distribute on all

continents except Antarctica and many islands. CHIKV can be found in tropical and

subtropical regions of Africa and Southeast Asia, where winter temperatures are above

18°C. This virus is famous for causing Chikungunya fever, with the symptoms of acute

febrile illness, arthralgia, and severe neurological complications (2).SINV exists in

Europe, Asia, and Africa, including many Philippine Islands and the South Pacific

areas. Fever, malaise, rash, and chronic musculoskeletal pain are the main symptoms of

SINV (3). VEEV is mainly in circulation in the American continent and can cause severe

encephalitis (4). The major transmission vectors of alphaviruses are mosquitoes,

including Aedes aegypti, Aedes albopictus, and Aedes africanus (5).

Alphavirus particles are round with a diameter of about 70 nanometers. The viral

nucleocapsid has an icosahedral symmetry with a diameter of 30-40 nanometers.
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Alphavirus genome comprises a 5’-methylguanylate cap, a 3’-

polyadenylic acid tail, and two open reading frames (ORFs),

which encode four nonstructural proteins and six structural

proteins (6). Nonstructural proteins include nsP1, nsP2, nsP3

and nsP4, and they play critical roles in the transcription and

replication of the virus (7). nsP1 is required for cap synthesis and

plasma membrane-anchoring. nsP2 is necessary for polyproteins

processing as its C terminus obtains an N-terminal RNA helicase

and cysteine protease (8). ADP ribosyl-binding and hydrolase

activities in nsP3 are crucial for viral replication. nsP4 activity

depends on its RNA polymerase activity. Structural proteins of

alphaviruses are capsid, 6K, transferase protein (TF), E1, E2, and

E3 (7). The capsid protein is used for packaging the viral nucleic

acid (7). 6K participates in the infected cell surface’s vial

assembly and budding stages. Shared with the same coding

regions with 6K, TF is generated due to a ribosomal frameshift

and promotes virus replication by reducing the early IFN-I

response (9). E1 and E2 mediate the entry of the virus. 6K and

E3 work together to transport the precursor membrane protein

to the endoplasmic reticulum (ER) (7).

The host innate immune system is the first line of defense

against viral infection. For example, the Cyclic GMP-AMP

Synthase (cGAS)-stimulator of interferon genes (STING)

pathway could stimulate and promote the production of type I

interferon to achieve antiviral effects (10). Degradation of the

key regulator of eukaryotic messenger RNA transcription, RPB1,

will induce transcriptional host shutoff (11). Signal transduction

of the PKR-like ER kinases (PERK) pathway and the unfolded

protein response (UPR) phosphorylates eukaryotic translation

initiation factor 2 (eIF2), which causes translational shutoff (11).

RNA-induced silencing complex (RISC) can cleave viral RNA

and activate RNAi (12).

However, with the evolution of viruses and their long-term

confrontation with host cells, many viruses have established

effective antagonisms to host antiviral innate immune pathways

and immune factors (13–21). This review has summarized

different mechanisms of how alphaviruses antagonize the

host’s innate immunity. Alphavirus is highly infectious as it

can transmit by the mosquito and pose a huge threat to public

health. So understanding the antiviral innate immune pathway

and the antagonistic effects induced by the viral proteins of

alphaviruses could provide more strategies to control the

diseases caused by alphaviruses.
Restraint of cGAS-STING pathway

When infected by a virus, activation of cytoplasmic DNA

sensors such as cGAS in immune cells is adapted to intracellular

damage caused by the released viral DNA. The 2’-3’ cyclic-

guanosine monophosphate (GMP)-adenosine monophosphate

(AMP) (GAMP) is synthesized to bind to STING, which then

forms dimerization and translocates to the Trans-Golgi-
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Network (TGN) and associate with TANK-Binding Kinase 1

(TBK1), resulting in the phosphorylation of Interferon

Regulatory Factor 3 (IRF3) (22). The transcription and

expression of the cGAS-STING innate immune pathway could

inhibit virus replication, whereas viruses could antagonize

this process.

In the first four hours of CHIKV infection, the expression of

cGAS is reduced sharply, while there is no significant change in

the expression of STING (23). The degradation of cGAS is

mediated by capsid protein through ATG7-dependent

autophagy (Figure 1). When the chemical inhibitor of

autophagy 3-methyladenine (3-MA) is used, cGAS can be

restored. Capsid-mediated cGAS degradation directly limits

the antiviral effect of the cGAS-STING pathway (23). The

interaction between nsP1 and STING is mediated by the

cytoplasmic loop of STING, mainly due to the palmitoylation

that occurs at 88 and 91 amino acids. The level of viral protein

will be significantly reduced, and the cGAS-STING-mediated

induction of type I IFN will be impaired when this interaction is

lost (23). Interestingly, nsP1-STING interaction significantly

inhibits IFNb promotor activation induced by cGAS-STING

(23). Other viruses degrade components of the cGAS-STING

signaling to achieve evasion. For example, DENV NS2B3

protease inhibits type I IFN production in infected cells by

cleaving STING (23), and papain-like protease (PLpro)-

transmembrane domain (TM) in SARS disrupts IRF3

phosphorylation and dimerization (24). Interestingly, nsP2,

nsP4, and capsid proteins have separate or synergistic effects

on the degradation of cGAS, and their mechanisms are worthy of

further study and discussion.
Inhibition of IFN pathway

Type I interferon (IFN) is a cytokine is crucial for the

antiviral response and activation of the innate and adaptive

immune system. Its production is often triggered by pattern

recognition receptors (PRRs), including Toll-like receptors

(TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors

(RIG-I-like receptors, RLRs), nucleotide-binding and

oligomerization domain (NOD)-like receptors (NLRs), and

intracellular DNA receptors (25, 26). After the cytoplasmic

receptor recognizes the viral nucleic acid, melanoma

differentiation-associated gene 5 (MDA5) and RIG-I will

expose the caspase recruitment domain (CARD) domain to

induce the aggregation and activation of the mitochondrial

antiviral signal protein (MAVS). Then the signal is transmitted

downwards to activate TBK1 and IKKϵso that IRF3/7 is

phosphorylated and transported to the nucleus to promote the

transcription of type I interferons (27). The viral genome

contains two ORFs. The first encodes precursor proteins, and

the second encodes structural polyproteins, where the 6K

protein causes a ribosomal frameshifting during translation
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and produces the TF (9). Virus modification of host protein

often occurs through post-translational modifications, such as

palmitoylation and phosphorylation. Palmitoylation is a 16-

carbon palmitoyl covalent bond attached to cysteine residues.

This modification imparts hydrophobicity to the protein and is

usually targeted at the cell membrane (28). TF has been

demonstrated to be modified by palmitoylation (29, 30). 6K

mutation indicates that hexanucleotide cannot be reduced to

produce TF protein (31, 32). The loss of TF palmitoylation will

result in the enrichment of the type I IFN production and the

attenuation of toxicity caused by SINV infection (33).

Palmitoylated TF is necessary for its localization and the

subsequent production of virus particles, which also helps to

enhance the ability to antagonize the host interferon response.

Meanwhile, nsP2, E1, and E2 proteins of CHIKV can strongly

antagonize the activation of the IFN-b signaling pathway

(Figure 1). Co-expression of nsP2, E1, E2, and MDA5/RIG-I

allows the inhibition of more than 80% of the MDA5/RIG-I-

mediated IFN-b promoter activity in the presence of viral

proteins (34).

In response to IFN, IFN receptors phosphorylate signal

transducer and activator of transcription 1 (STAT1) (35).

Then the importin-a5 transports the phosphorylation form of

STAT1 (pSTAT1) to the nucleus, together with IFN response

factor 9 (IRF9), and binds to the IFN-stimulated response

element (ISRE) so that the transcription of the IFN-stimulated

genes (ISGs) is activated (35). With the help of chromosome

region maintenance 1 (CRM1), STAT1 is shuttled back into the

cytoplasm when achieving the goal of releasing from its target
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promoter (35). This signaling pathway restricts CHIKV

propagation and abolishes CHIKV-induced diseases (36).

However, CHIKV infection effectively inhibits IFN-mediated

phosphorylation of STAT1, thereby hindering the transmission

of JAK-STAT immune signals (36). CHIKV nsP2 is responsible

for regulating the IFN-induced JAK-STAT signaling (Figure 1)

(37). By mutating the KR649AA site in NLS of nsP2 or

redirecting nsP2 C-terminal methyltransferase-like domain

into the nucleus, JAK-STAT signaling is no longer inhibited

mechanically due to the reduction of pSTAT nuclear

accumulation (38, 39).

Antiviral effects of IFN are fulfilled by antiviral IFN-

stimulate genes (ISGs). One well-characterized ISG is bone

marrow stromal antigen 2 (BST-2). Its transmembrane domain

and lumenal GPI anchor allow virus particles to adhere to the

surface of infected cells, thereby preventing release and

bystander cells’ infection (40). Although BST-2 could block the

release of the virus, many of which have evolved multiple

mechanisms to antagonize the inhibitory effect (40, 41), which

is also the case for CHIKV. CHIKV protein co-localizes with

BST-2 when expressed in VLPs, namely E1 and nsP1 (42). There

are interactions between BST-2 and E1 and nsP1, but the protein

that antagonizes its inhibitory effect on virus release is nsP1. In

the presence of BST-2, a CHIKV virus-like particle (VLP) is

adhered to the cell membrane and cannot be released from the

surface. However, acting as an antagonist, upregulation of nsP1

counteracts the effect of BST-2, which enables the progeny

virions to attach to the membrane (Figure 1) (42). The same

effects can be observed in HIV-1 Vpu and HIV-2 Env, which can
FIGURE 1

A diagram of alphavirus-mediated inhibition of the innate immune pathways leading to the production of IFN and ISG induction.
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redirect the BST-2 from the cell surface and form a perinuclear

compartment (41, 43). The prerequisite is that Vpu must have

both transmembrane/ion channel domain and conserved

proteins (40).

In addition, the alphavirus can not only use its viral protein

to inhibit the production, translation, and transcription of

interferon but also use the host antiviral protein to achieve

immune escape, such as zinc-finger antiviral protein (ZAP). ZAP

is a host antiviral factor stimulated by IFN, inhibiting the

replication of some viruses, including HBV, Sindbis virus, and

Ebola (44–46). Due to the interaction between ZAP-responsible

elements (ZRE) and viral RNA, some exosomes are recruited to

degrade RNA substrates (44, 47). Sometimes ZAP could disturb

the polysome association/translation of RNA (45). In ZAP gene

knockout mice models, virus replications are greatly enhanced in

lymphoid tissues, while this phenomenon could not be observed

in brain tissues. Those results imply that viral infection can

evade immune surveillance by suppressing the expression of

ZAP antiviral protein in the brain tissues (47). However, there

may be other ways for the virus to achieve antiviral effects and

immune escape in the host, which requires further research.
Suppression of transcriptional host
shutoff pathway

A basic feature of massive alphavirus replication in

vertebrates is the cytopathic effect (CPE). Alphavirus inhibits

the occurrence and efficacy of the host antiviral response by

antagonizing cell transcription so that it can replicate in vivo,
Frontiers in Immunology 04
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which is achieved through different mechanisms mediated by

alphavirus proteins.

nsP2 from old world alphaviruses, including SINV and SFV,

is the key regulator of the interaction between the virus and the

host cell. Not only does nsP2 serves as a component of the

replicase complex required for viral RNA replication and

transcription, but also it can directly participate in the

inhibition of host transcription (48, 49). As a subunit that

catalyzes the polymerase reaction, RPB1 determines the

initiation and extension of eukaryotic messenger RNA

transcription. nsP2 could induce the ubiquitination and

degradation of RPB1 (Figure 2) (50). In the experiment of

mice infected with SINV containing a single nsP2 substitution

(P726!G), a significant increase in the secretion of IFN can be

seen due to the shutdown of host transcription (50). Normally,

cells can remove the extended RNAPII complex during the

transcription-coupled repair. Once the complex is blocked by

large amounts of DNA damage, RPB1 can be modified by

ubiquitination and then degraded by the proteasome (51).

Mutating amino acids 674-688 can resist virus-induced

degradation of RPB1 and make SINV a powerful inducer of

type I interferon (48). It is worth noting that this phenomenon

does not affect virus replication.

The amino terminal region of alphavirus nsP3 has the effect

of a single ADP-ribosylhydrolase, and the N24Amutation in this

region eliminates the hydrolase activity (52). A single mutation

in N24A still induces the degradation of RPB1, while the double

mutation of SINV nsP2-683S and nsP3-N24A no longer

degrades RPB1 (48). Mayaro virus (MAYV) nsP2 associates

with RPB1 and transcription initiation factor IIE subunit 2
FIGURE 2

Inhibition of host transcriptional and translational shutoff by alphaviruses.
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(TFIIE2) (53). Overexpression of MAYV nsP2 mediates

inhibition of host cell transcription by reducing RPB1 and

TFIIE2 (53).

The cytotoxicity of the new world alphaviruses represented

by VEEV and EEEV differs from that of the old world

alphaviruses. VEEV and EEEV-derived replicons produce

fewer cytopathic changes, and at the same time, durable viral

nucleic acid replication can be established (54). This host

transcription shutoff in VEEV and EEEV depends on the

presence of viral capsid protein (55). The capsid is distributed

in the cytoplasm of infected cells and may interfere with the

antiviral response. Capsid could inhibit cell messenger and

ribosomal RNA transcription and downregulate RNA

synthesis. Interestingly, western equine encephalitis virus

(WEEV) inhibits the host transcription depending on both

nsP2 and capsid, consisting of the current concept of forming

WEEV from SINV- and EEEV-like ancestors (55).
Suppression of translational host
shutoff pathway

After mammals are infected with alphavirus, the replication

of viral RNA in the cell often leads to more serious cytopathic

changes. That is, selective inhibition of host protein synthesis

and viral mRNA will be in this case. The ER is responsible for the

proper folding and processing of polypeptide chains into

functional proteins. Factors affecting the function of the ER,

such as viral infection, will lead to the accumulation of misfolded

or unfolded proteins. To protect cells from over accumulation,

repression of protein synthesis, so-called (UPR), maintains

cellular protein homeostasis (56). These regulatory signalings

contain (PERK), transcription factor 6 (ATF6), and the ER

transmembrane protein kinase/endoribonuclease inositol-

requiring enzyme 1 (IRE1), with the involvement of ER

chaperone immunoglobulin heavy chain binding protein (BIP)

(56). PERK can be activated through self-dimerization and

phosphorylation, then pPERK can phosphorylate eIF2a on

amino acid 51, during which GADD34 can play an inhibitory

role against this process (57). Induction of C/EBP homologous

protein (CHOP) is to mediate apoptosis when ER is impaired

severely. The IRE pathway is activated similarly. The catalytic of

IRE will trigger a sequence of gene transcription, such as

components of ER-associated degradation (ERAD). ATF6

activates transcription of the chaperone, thus helping

translational recovery (58, 59).

However, the virus can regulate the activity of some key

factors to influence the antagonism of protein synthesis,

ensuring the effective translation of virus mRNAs and the

shutoff of host translation. CHIKV can regulate the signal

transduction of the PERK pathway by inhibiting the

phosphorylation of eIF2a during early infection (Figure 2).

Upon significant express ion of CHIKV nsP4, the
Frontiers in Immunology 05
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phosphorylation of eIF2a on serine 51 regulating the signal

transduction of PERK is suppressed, thereby ensuring the

translation of viral proteins (58). Overexpression of CHIKV

nsP2 inhibits the expression of functional UPR transcription

factors ATF4 and activation of XBP1 and thus blocks the UPR,

which is another strategy to shut off host translation (60).
Inhibition of RNAi pathway

Eukaryotes have evolved many antiviral immune defenses to

prevent viral infection, such as RNA interference(RNAi) (12).

RNAi is a conservative post-transcriptional gene silencing

mechanism (12). As a member of the RNase III family of

nucleases, Dicer has a helicase domain and dual RNase III

motif, and it can cleave double-stranded RNAs specifically. In

the process of antiviral RNAi, host cells respond rapidly to the

dsRNA derived from the invading viruses, activating Dicer to

cleave the dsRNA into virus-derived small interfering RNA

(viRNA) with a size of 21 to 23 nucleotides, which is crucial

for the antiviral response (12). One of the components of the

RISC, Argonaute (AGO), plays an indispensable role in

degrading the target dsRNA achieved through the RNase-H-

like PiWi domain or recruiting additional proteins, thereby

inhibiting viral infection (12). However, protection against

RNAi attack enables the virus to encode specific virulence

proteins, the so-called viral suppressors of RNAi (VSRs) (12).

The Semliki forest virus (SFV) capsid protein is

demonstrated as VSR (61). SFV capsid protects viral RNA

from interpretation at two stages. On the one hand, capsid

binds to dsRNA to block Dicer cleavage and thus antagonizes the

production of viRNA (Figure 3). The experiments of SFV capsid

mutants suggest that K124/K128 and K139/K142 are essential

for VSR activity (61). On the other hand, capsid associates with

viRNA and thus prevents the interaction between viRNA and

RISC (61). Consequently, the inactivation of the VSR function

will inhibit SFV replication.
Conclusion and perspectives

In this review, we have described in detail the different

mechanisms by which each viral protein of alphavirus

antagonizes the host’s innate immunity. The host will

recognize virus invasion through the sensor proteins, including

cGAS and MAVS, and activate the antiviral innate immune

pathway. The downstream signals further activate the TBK1-

IRF3 and IKK-NF-kB pathways, increasing type I interferon

production and inhibiting viral infection. Almost all alphavirus

proteins antagonize innate immunity in different mechanisms

and degrees. Through the interaction with cGAS-STING, nsP1

degrades cGAS to stabilize the virus protein (Figure 1). nsP1 also

down-regulates the expression of BST-2 to inhibit the adhesion
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of VLPs on the plasma membrane and promote the release of the

virus. The mechanism of nsP2 antagonizing immune response is

more complex. The type I interferon response can be

counteracted by inhibiting the general transcription of host

cells and reducing the phosphorylation of STAT1 in the JAK-

STAT pathway (Figure 1). In addition, degradation of RPB1

occurs by nsP2-mediated ubiquitination, through which the

transcription of the host proteins can be shut down (Figure 2).

At the same time, nsP2 exerts a profound impact on the

phosphorylation of STAT1 and STAT2 and thus inhibits the

host translation (Figure 1). Both nsP3 and nsP4 could induce the

host transcriptional shutdown (Figure 2). NsP4 inhibits the

phosphorylation of eIF2alpha in the PERK pathway. Among

the structural proteins, the capsid protein can effectively inhibit

RNAi in insect and mammalian cells by separating double-

stranded RNA and small interfering RNA (Figure 3). E2 and E1

inhibit the activation of the IFN-b promoter induced by the

MDA5/RIG-I receptor signaling pathway. TF antagonizes the

host interferon response. In addition to the structural and

nonstructural proteins of alphavirus, the virus also uses the

immune escape phenomenon of ZAP to antagonize the host’s

antiviral response.

As more and more studies are performed, a deeper and more

comprehensive understanding of alphavirus antagonizing host

antiviral innate immunity is revealed. However, some

mechanisms are not clear enough, and there may be other

ways and mechanisms to antagonize antiviral immunity that

are worthy of further research and exploration. At the same time,

the strategies of antagonizing antiviral immunity by alphaviruses

will provide important insights into controlling viral infections.
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The regulation of ISG20
expression on SARS-CoV-2
infection in cancer patients and
healthy individuals

Jingliang Cheng1†, Jiewen Fu1†, Qi Tan1†, Zhiying Liu1†,
Kan Guo1, Lianmei Zhang1,2, Jiayue He1, Baixu Zhou1,3,
Xiaoyan Liu1*, Dabing Li1,4* and Junjiang Fu1*

1Key Laboratory of Epigenetics and Oncology, The Research Center for Preclinical Medicine,
Southwest Medical University, Luzhou, China, 2Department of Pathology, The Affiliated Huaian No.
1 People’s Hospital of Nanjing Medical University, Huai’an, China, 3Department of Gynecology and
Obstetrics, Guangdong Women and Children Hospital, Guangzhou, China, 4Basic Medical School,
Southwest Medical University, Luzhou, China
ISG20 inhibits viruses such as SARS-CoV-2 invasion; however, details of its

expression and regulation with viral susceptibility remain to be elucidated. The

present study analyzed ISG20 expression, isoform information, survival rate,

methylation patterns, immune cell infiltration, and COVID-19 outcomes in

healthy and cancerous individuals. Cordycepin (CD) and N6, N6-

dimethyladenosine (m6
2A) were used to treat cancer cells for ISG20

expression. We revealed that ISG20 mRNA expression was primarily located

in the bone marrow and lymphoid tissues. Interestingly, its expression was

significantly increased in 11 different types of cancer, indicating that cancer

patients may be less vulnerable to SARS-CoV-2 infection. Among them, higher

expression of ISG20 was associated with a long OS in CESC and SKCM,

suggesting that ISG20 may be a good marker for both viral prevention and

cancer progress. ISG20 promoter methylation was significantly lower in BLCA,

READ, and THCA tumor tissues than in the matched normal tissues, while

higher in BRCA, LUSC, KIRC, and PAAD. Hypermethylation of ISG20 in KIRC and

PAAD tumor tissues was correlated with higher expression of ISG20, suggesting

that methylation of ISG20 may not underlie its overexpression. Furthermore,

ISG20 expression was significantly correlated with immune infiltration levels,

including immune lymphocytes, chemokine, receptors, immunoinhibitors,

immunostimulators, and MHC molecules in pan-cancer. STAD exhibited the

highest degree of ISG20 mutations; the median progression-free survival time

in months for the unaltered group was 61.84, while it was 81.01 in the mutant

group. Isoforms ISG20-001 and ISG20−009 showed the same RNase_T

domain structure, demonstrating the functional roles in tumorigenesis and

SARS-CoV-2 invasion inhibition in cancer patients. Moreover, CD and m6
2A

increase ISG20 expression in various cancer cell lines, implying the antiviral/

anti-SARS-CoV-2 therapeutic potential. Altogether, this study highlighted the

value of combating cancer by targeting ISG20 during the COVID-19 pandemic,

and small molecules extracted from traditional Chinese medicines, such as CD,
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may have potential as anti-SARS-CoV-2 and anticancer agents by promoting

ISG20 expression.
KEYWORDS

ISG20 expression, cancer, SARS-CoV-2, cordycepin (CD), N6, N6-dimethyladenosine
(m 6 2A)
1 Introduction

Interferon stimulated exonuclease gene 20 (ISG20, OMIM:

604533) aliases HEM45, CD25, Promyelocytic leukemia nuclear

body-associated protein ISG20, interferon-stimulated

exonuclease gene 20 kDa, interferon-stimulated gene 20 KDa

protein, estrogen-regulated transcript 45 protein, and EC

3.1.13.1. ISG20 cytogenetic locates on chromosome 15q26.1

and genomic coordinates (GRCh38) between 15:88,635,631

and 88,656,4820 was first isolated by Gongora et al. in 1997 as

a cDNA encoding an interferon-induced protein, called ISG20,

by screening an IFN-treated Daudi cell cDNA library (1).

Pentecost (1998) identified a cDNA that encoded a 181-amino

acid protein with a predicted molecular weight of 20,363 Da; the

expression of ISG20 mRNA was increased in response to

estrogen in estrogen receptor-expressing cells in the presence

of cycloheximide (2).

ISG20 is predicted to exhibit a broad spectrum of antiviral

activity, including hepatitis A virus (HAV), hepatitis B virus

(HBV), hepatitis C virus (HCV), Influenza A virus (IAV), and

yellow fever virus (YFV) in an exonuclease-dependent manner,

through the degradation of viral RNA as a 3’-5’-exoribonuclease

(3, 4). Additional antiviral mechanisms by ISG20 include

translational inhibition of viral RNA and non-self RNAs and

degradation of deaminated viral DNA (3, 5–7). ISG20 has also

been reported to inhibit the replication of bluetongue virus

(BTV) in ovine (8) and to inhibit the proliferation of

pseudorabies virus (PRV) (9, 10). Furthermore, a recent study

suggested that ISG20 can degrade SARS-CoV-2 (severe acute

respiratory syndrome coronavirus 2) sub-replicon RNA through

exonuclease activity (11). The SARS-CoV-2 is the pathogen

underlying the current COVID-19 (coronavirus disease 2019)

pandemic, leading to more than 596 million positive cases and 6

million deaths worldwide (https://coronavirus.jhu.edu/).

Similarly, ISG20 acts as a SARS-CoV-2 RNase and is critical

in inhibiting the SARS-CoV-2 replicon in host cells. Therefore,

the expression and distribution of ISG20 may explain the

differences in COVID-19 severity after the SARS-CoV-2

invasion. Cellular and humoral immunity participate in the

prevention of viral invasion, and the pathological process of

COVID-19 is likely correlated with the dysregulation of the
02
96
immune response, particularly of T cells. Targeting ISG20 may

thus be a potential therapeutic strategy for managing SARS-

CoV-2 infection.

A large body of evidence has indicated the effect of COVID-

19 on the clinical outcomes of cancer patients. According to

cohort studies of COVID-19 on the Cancer Consortium and

systematic reviews, patients with cancer and COVID-19 exhibit

increased mortality rates (12–15). Thus, increased attention

should be paid to patients with cancer during the COVID-

19 pandemic.

Herein, we performed comprehensive and integrative

profiling of ISG20 expression in healthy individuals and

patients using a pan-cancer dataset using genomic,

transcriptomic, and epigenomic data. The relationships

between the expression of ISG20 and immune cell infiltration

were investigated. These results may highlight the significance of

SARS-CoV-2 infection in patients with different cancer types

and the potential therapeutic value of using small molecules such

as cordycepin (CD) and N6, N6-dimethyladenosine (m6
2A) in

managing SARS-CoV-2 infection.
2 Materials and methods

2.1 Online databases

ISG20 homologs in humans from GenBank (Protein:

NP_001290162.2, Gene: NM_001303233.2) and others were

obtained from NCBI (National Center for Biotechnology

Information) (https://www.ncbi.nlm.nih.gov/homologene/

31081) (16, 17). Data on gene and protein expression levels of

ISG20 in the normal and cancerous tissues (https://www.

proteinatlas.org/ENSG00000172183-ISG20/tissue), in different

types of immune cells (RNA) (https://www.proteinatlas.org/

ENSG00000172183-ISG20/immune+cell), in single cells

(https://www.proteinatlas.org/ENSG00000172183-ISG20/

single+cell+type), and brain tissues (https://www.proteinatlas.

org/ENSG00000172183-ISG20/brain) were obtained from the

Human Protein Atlas (HPA) (18, 19). ISG20 expression in

different types of cancer tissues and the corresponding normal

tissues, isoform, distribution, and domain structures were
frontiersin.org
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analyzed using GEPIA 2 (gene expression profiling interactive

analysis 2) (http://gepia2.cancer-pku.cn/#analysis) and (http://

gepia2.cancer-pku.cn/#isoform) (20, 21). DNA methylation

analysis of the ISG20 promoter was performed using

DNMIVD (DNA methylation interactive visualization

database) (http://119.3.41.228/dnmivd/query_gene/?cancer=

pancancer&gene=ISG20) (22). Data on ISG20 mutations were

obtained from cBioPortal for cancer genomics (https://www.

cbioportal.org/results/cancerTypesSummary?case_set_id=

all&gene_list=ISG20&cancer_study_list=5c8a7d55e4b046111fee2296)

(23). Survival analysis of ISG20 expressions was performed using

GEPIA 2, DNMIVD, and cBioPortal. Analysis of the

relationships between the abundance of tumor-infiltrating

lymphocytes (TILs) and expression was performed using

TISIDB (an integrated repository portal for tumor-immune

system interactions) (http://cis.hku.hk/TISIDB/browse.php?

gene=ISG20) (24).
2.2 Immunohistochemistry analysis

Immunohistochemistry (IHC) in formalin-fixed, paraffin-

embedded breast cancer tissue sections from Chinese patients

was performed as described previously (17, 25–27). The ISG20

antibody (C-12, cat #: sc-514979) for IHC and western blotting

was purchased from Santa Cruz Biotechnology, Inc., USA. For

details, 5mm deparaffinized and rehydrated sections were

incubated in 10 µM sodium citrate buffer at 95°C for 12 min

for antigen retrieval, and treated with 3% hydrogen peroxide.

Then blocking with 5% bovine serum albumin (BSA). Primary

ISG20 antibody (1:50 dilution) was applied overnight and then

incubated with appropriate biotin-conjugated secondary

antibodies (SP-9000, ZSGB-Bio, CN) for 60 min at 25°C.

Immunostaining signals were visualized by the Streptavidin-

conjugated horseradish peroxidase (HRP) and 3,3-

diaminobenzidine (DAB) (ZLI-9017, ZSGB-Bio, CN). Slides

were counterstained with hematoxylin, dehydrated,

and mounted.
2.3 Cell culture

Cancer cell lines A549, H1975, HepG2, 22RV1, PC3, BT549,

MDA-MB-231, and HeLa were obtained from ATCC (American

Type Culture Collection), and cultured in DMEM or RPM1640

supplemented with 10% serum and 1% penicillin-streptomycin

(Gibco; Thermo Fisher Scientific, Inc.) in 12-well plates. CD (Cat

#: A0682) was obtained from Chengdu Must Bio-Technology

Co. Ltd (Chengdu, Sichuan, China), m6
2A (CAS #: 2620-62-4)

from BOC Sciences (Shirley, NY, USA), and uridine-5’-

monophosphate (UMP, CAS #: 58-97-9) from Shanghai

Aladdin Biochemical Technology company (Shanghai, China).

Total RNA and protein were extracted after UMP, CD, or m6
2A
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treatment with the indicated concentrations for 24 h. The cells

were lysed using EBC buffer (20 mM Tris-HCl, pH 8.0, 125 mM

NaCl, 2 mM EDTA, and 0.5% NP-40) supplemented with a

protease and phosphatase inhibitor cocktail. The harvested

protein was stored at -20°C until required.
2.4 Western blotting

SDS-PAGE was used for western blotting. After

electrophoresis at 100v for 100 min, the proteins were

transferred to membranes at 100v for approximately 90 min.

Then the membranes were blocked with fresh 5% fat-free milk at

room temperature for 2 h. Primary antibodies against ISG20, b-
actin, or HSP90 were incubated in the fresh 2% fat-free milk at 4°

C overnight. The following day, membranes were washed three

times with TBST (Tris-buffered saline containing 0.1%

Tween20) for 15 min each time, and the blots were incubated

with an anti-mouse HRP secondary antibody (1:5000 dilution)

in 2% fat-free milk for a further 2 h. Subsequently, the

membranes were three times as above. The protocol for

western blot in breast cancer tissues and its matched healthy

tissues from Chinese breast cancer patients was described

previously (25, 26). All experiments were repeated three times.
2.5 Semi-quantitative reverse
transcription-polymerase chain reaction

The harvested total RNA was reverse transcribed into

cDNA. The sequences of the primers targeting ISG20

(NM_001303233.2) were: RT-ISG20-5: 5’-cttccaggcactgaaagagg-3’

(forward primer), RT-ISG20-3: 5’-aagccgaaagcctctagtcc-3’ (reverse

primer). The expected product size was 309 bp. These primers

would expect to detect isoforms ISG20-001 and ISG20−009, two

main isoforms for ISG20 in Figure 5C. ACTB was used as the

internal control. The sequences of the primers ACTB were: RT-

ACTB-5: 5’-CTCTTCCAGCCTTCCTTCCT-3’ (forward primer),

RT-ACTB-3:5’-CACCTTCACCGTTCCAGTTT-3’ (reverse

primer). The expected product size was 510 bp. Semi-quantitative

RT-PCR was performed as described previously (28). All

experiments were repeated three times.
2.6 Statistical analysis

To compare the expression of ISG20 in pan-cancer and

in the matched healthy tissues, |log2FC| values were used and

log-rank P<0.05 was considered statistically significant.

For comparison of the methylation of the ISG20 promoter

region in cancer tissues and the corresponding healthy

tissues, a student’s t-test was used, and P-value <0.05 was

considered significant.
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3 Results

3.1 Expression of ISG20 in normal tissues

The transcriptional data on ISG20 expression in human

organs and tissues is presented in Figure 1A; ISG20 mRNA

was mainly located in the bone marrow and lymphoid tissues,

followed by the gastrointestinal tract, respiratory system, liver

and gallbladder, endocrine tissues, and kidney and urinary

bladder, with no expression in the eyes. High expression of

ISG20 in the respiratory system (lung, 63.3nTPM) demonstrated

its antiviral role in the lungs. The expression of ISG20 mRNA

was further validated in the consensus data set (Figure 1B). In

agreement with the above results, the top nine tissues/organs for

ISG20 mRNA expressions in this consensus dataset were the

lymph node, spleen, thymus, appendix, and tonsils (they are

bone marrow and lymphoid tissues), stomach, duodenum, and

small intestine (they are gastrointestinal tract), and lungs

(Figure 1B). Then, the mRNA expression levels of ISG20 were

examined in human tissues of immune cells, single cell types,

and the brain. The results of 18 immune cell types and total

peripheral blood mononuclear cells (PBMCs) indicated that

ISG20 mRNA expression was very high in neutrophils, T-regs,

memory B-cells, and naive B-cells (all >1,150 nPTM)

(Figure 1C). The ISG20 mRNA expression in single-cell-type

specificity indicated it was predominantly expressed in the
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plasma cells (663.4 nTPM), Langerhans cells (500.2 nTPM), B-

cells (424.2 nTPM), dendritic cells (378.8 nTPM), T-cells (318.4

nTPM), urothelial cells (538.6 nTPM), and paneth cells (476.1

nTPM) (Figure 1D). The mRNA expression levels of ISG20 in

the brain were very low but remained detectable, with the

highest levels observed in the cerebral cortex (11.3 nPTM)

(Figure 1E). The ISG20 expression was unavailable (NA) in

human blood cells from HPA.

Next, we conducted IHC of breast cancer tissues;

representative results are shown in Figures 2A–F. ISG20

staining showed high expression in the cytoplasm and

membranes in the breast tissues (Figures 2A, B) and breast

cancer tissues (Figures 2, D). ISG20 was primarily located in the

cytoplasm and membrane (highest in the cytoplasm), indicating

its role in viral prevention. As a control, we also showed IHC

images of breast tissues and breast cancer tissues without

antibodies, respectively, in Figures 2E, F.
3.2 ISG20 expression is increased in
cancer tissues compared with the
corresponding normal tissues

Increasing evidence has shown that cancer patients are more

vulnerable to SARS-Cov-2. As an enigmatic antiviral factor, it is

important to know the expression levels of ISG20 in cancer
A B

D E

C

FIGURE 1

The expression of ISG20 in healthy individuals. (A) Overview of ISG20 expression and distribution across different types of healthy human
tissues. (B) mRNA expression of ISG20 in healthy human tissues from the consensus data set. (C) mRNA expression of ISG20 in human tissues in
different types of immune cells. (D) mRNA expression of ISG20 in human tissues in different types of single cells. (E) mRNA expression of ISG20
in human brain tissues.
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tissues compared with corresponding healthy tissues.

Surprisingly, ISG20 mRNA expression was significantly

increased in eleven types of cancer, including ACC

(adrenocortical carcinoma), CESC (cervical squamous cell

carcinoma and endocervical), DLBC (lymphoid neoplasm

diffuse large B-cell lymphoma), GBM (glioblastoma

multiforme), KIRC (Kidney renal clear cell carcinoma), LIHC

(liver hepatocellular carcinoma), KIRP (kidney renal papillary

cell carcinoma), PAAD (pancreatic adenocarcinoma), SKCM

(skin cutaneous melanoma), TGCT (testicular germ cell

tumors), and UCEC (uterine corpus endometrial carcinoma)

(Figures 3A, B) compared with the matching normal tissue.

Thus, high ISG20 expression in cancer may prevent viral

invasion in these cancer patients.

To further validate the expression results, samples of breast

cancer tissues and their matched healthy tissues were selected for

collection and western blot since ISG20 levels are increased even

though not significantly (Supplementary Figure 1A). It is also

easy for us to collect breast tumor tissues. After western blot and

the results were presented in Supplementary Figure 1B, ISG20

protein levels were increased significantly in 6 of 10 samples/

patients (60%) of cancer tissues compared with the matched

healthy tissues (Supplementary Figure 1B). These results

validated the mRNA results from the TCGA database for

BRCA (breast invasive carcinoma) patients.
3.3 The prognostic value of ISG20
in pan-cancer

Further exploration of the prognostic value of ISG20

revealed that higher expression was associated with a shorter

OS in ACC, DLBC, LAML (acute myeloid leukemia), LGG
Frontiers in Immunology 05
99
(lower grade glioma), and UVM (uveal melanoma)

(Figures 3C–G), but with a long OS in CESC, OV (ovarian

serous cystadenocarcinoma), and SKCM (Figures 3H–J). It was

reported that ISG20 overexpression suppressed the proliferation,

migration, and invasion in vitro and the growth of xenograft

tumors in vivo in ovarian cancer (29), and it may be associated

with a long OS in OV patients.

High expression of ISG20 in CESC and SKCM was

associated with a longer OS, suggesting that ISG20 may be a

good marker. However, high expression of ISG20 in ACC and

DLBC was associated with a shorter OS, suggesting that ISG20

may be a marker of unfavorable outcomes in these types of

cancer. Together, ISG20 may serve as a double-edged sword in

viral prevention and cancer progression in certain types

of cancer.
3.4 Methylation of the ISG20 promoter
region in cancer and the matched
normal tissues

DNA methylation can regulate gene expression. We’d like to

know whether ISG20 expression changes are due to methylation

modification. By analyzing the DNMIVD database, we found

that ISG20 promoter methylation was significantly lower in

BLCA, READ, and THCA tumor tissues compared to the

matching normal tissue (Figures 4A–C), while higher in

BRCA, LUSC, KIRC, and PAAD (Figures 4D–G).

Hypermethylation of ISG20 in KIRC and PAAD tumor tissues

was correlated with the higher expression, suggesting that

methylation of ISG20 may not be the cause of overexpression.

Thus, other mechanisms may be involved in regulating

ISG20 expression.
FIGURE 2

Immunohistochemistry (IHC) analysis of ISG20 expression healthy and cancer tissues from breast cancer patients. (A, B) IHC analysis of ISG20 in
breast tissues. (C, D) IHC analysis of ISG20 in breast cancer tissues. (E, F) Control IHC of breast tissues without antibody. Panels (B, D) show
enlarged insets from (A, C), respectively.
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3.5 Expression distribution, utilization,
and structure of ISG20 in pan-cancer,
and conservation across different species

Different ACE2 isoforms have differential roles in host

susceptibility to SARS-CoV-2 entry (30, 31). We analyzed

ISG20 isoform prevalence and structures in pan-cancer and

found 11 isoforms that exhibited differential expression levels

(Figure 5A). Except for very low or no expression of isoforms

ENST00000558992.1 (ISG20−010), ENST00000558942.5

(ISG20−003), and ENST00000558236.1 (ISG20−011), the

remaining eight ISG20 isoforms were detectable in all cancers.

The uti l izat ion of isoform ENST00000560741.5

(ISG20−009) was the highest across all 31 cancer types,

followed by ENST00000559876.1 (ISG20−006); others

showed very low or no utilization (Figure 5B). The genomic

structures of ISG20 isoforms in pan-cancer are shown in

Figure 5C. The isoforms ENST00000306072.9 (ISG20-001) and

ENST00000560741.5 (ISG20−009) showed the same structure

consisting of 181 amino acids with an RNase_T domain as

reported previously; isoforms ENST00000559876.1 (ISG20-006)

with 155 amino acids and ENST00000379224.9 (ISG20-008)

with 87 amino acids, both possessed a truncated RNase_T

domain (Figure 5C), demonstrating the functional role of

ISG20-001 and ISG20−009 in tumorigenesis and SARS-CoV-2

invasion inhibition in cancer patients.

In addition, the ISG20 protein showed a highly conserved

sequence across different species, including humans,
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chimpanzee, Rhesus monkey, cows, dog, mice, and rats

(Figure 5D), suggesting that ISG20 may possess a similar

potential function in inhibiting viral infection in other species

(8). Indeed, ISG20 was also reported to inhibit the bluetongue

virus (BTV) replication in sheep (8).
3.6 Mutation profiles of ISG20 in
pan-cancer

Gene mutations can cause cancer, recurrence, and/or

therapeutic resistance. By analyzing the ISG20 mutation profile

in 32 types of cancer based on data obtained from TCGA, we

found that STAD (stomach adenocarcinoma) had the highest

mutational frequency, with 3.64% of 440 cases possessing a

mutation, followed by SARC (3.53% of 255 cases), whereas

BLGG (brain lower grade glioma) had the lowest frequency of

mutations (0.19% of 514 cases) (Figure 6A). No ISG20mutations

were found in the other 11 types of cancer shown in Figure 6A.

The detailed landscape of mutations shows the presence of

missense mutations, truncations, and SV/fusions in the

ISG20 gene, with missense mutations being the most

common (Figure 6B).

To further explore the resulting prognostic value, we

analyzed the survival correlation between ISG20 mutant

groups and unaltered groups in cancer. However, no

significant difference was observed (P=0.0679), and the median

number of months of progression-free survival for the unaltered
A

B
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FIGURE 3

The expression of ISG20 in pan-cancer and the respectively matched healthy tissues. (A) The expression of ISG20 in different types of cancer
and the corresponding normal tissues. (B) The expression of ISG20 was significantly higher in the cancer tissues compared with the
corresponding normal tissues. (C–J). Survival and ISG20 expression in ACC, DLBC, LAML, LGG, UVM, CESC, SKCM, and OV patients. |log2FC|
values were used, and log-rank P<0.05 was considered statistically significant. *indicates the significant difference.
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group was 61.84 months (56.05-66.11, 95% CI), while in the

mutant groups, it increased to 81.01 months (48.89-NA, 95% CI)

(Figure 6C).
3.7 Association analysis of ISG20
expression with the tumor-immune
system in pan-cancer

Due to the indispensability of antiviral processes and anti-

tumor responses of the immune system, the correlation between

ISG20 expression and immune infiltration levels in pan-cancer

was analyzed in the TISDB database. We also found significant

correlations between ISG20 expression and immune lymphocytes,

chemokines, receptors, immunoinhibitors, immunostimulators, and

major histocompatibility complex (MHC)molecules in almost cancer

types assessed (Figures 7A–F).
3.8 CD increases ISG20 expression in
various cancer cell lines

Some small molecules or natural active components can

affect gene expression. We wanted to determine whether small
Frontiers in Immunology 07
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molecules or natural components targeted ISG20 expression. To

do this, we first used the DrugBank database and revealed that

UMP (DB03685) might target ISG20 (Table 1; Supplementary

Figures 2A, B). Then, several cancer-cell lines were cultured and

treated with 0, 10, 20, or 40 µM UMP for 24 h, and cells were

collected for RNA extraction and RT-PCR. However, the results

showed that UMP did not affect ISG20 mRNA expression in

A549 lung cancer cells, HeLa cervical cancer cells, 22RV1 and

PC3 prostate cancer cells, and MDA-MB-231 and BT549 breast

cancer cells (Supplementary Figures 2C–H).

Then, CD, a nucleoside derivative, was applied to determine

the effect on ISG20 expression in the cancer cell lines. The results

showed that CD increased ISG20 expression at both the protein

and mRNA level in a dose-dependent manner in the H1975 lung

cancer-cell line (Figures 8A, B) and 22RV1 prostate cancer-cell

line (Figures 8C, D).
3.9 m6
2A increases ISG20 expression in

HepG2 cancer cells

The effects of m6
2A, another nucleoside derivative, on ISG20

expression in cancer cell lines were also determined. Our results

showed that m6
2A increased ISG20 expression at both the
A B

D E F G

C

FIGURE 4

Methylation of the ISG20 promoter region in cancer tissues and the corresponding healthy tissues. (A–C). Methylation of the ISG20 promoter
region in cancer tissues was significantly lower than in the corresponding healthy tissues for BLCA, READ, and THCA, respectively. (D–G).
Methylation of the ISG20 promoter region in cancer tissues was significantly higher than in the corresponding healthy tissues for BRCA, LUSC,
KIRC, and PAAD, respectively. The student’s t-test was used and P-value <0.05 was considered significant.
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protein and mRNA level in a dose-dependent manner in the

HepG2 liver cancer cell line (Figures 8E, F).

Altogether, both nucleoside derivatives, CD and m6
2A, are

predicted to exhibit antiviral/anti-SARS-CoV-2 therapeutic

potential by increasing ISG20 expression.
4 Discussion

In this study, we found that the ISG20 mRNA was

primarily located in the bone marrow and lymphoid tissues;

interestingly, the ISG20 mRNA expression levels were

significantly increased in 11 different types of cancer,

including ACC, CESC, DLBC, GBM, KIRC, KIRP, LIHC,

PAAD, SKCM, TGCT, and UCEC; and no decreases were

observed in any type of cancer. Among these, higher

expression of ISG20 was associated with a longer OS in

CESC and SKCM, suggesting that ISG20 may be a good

marker in both viral prevention and cancer progression in

patients with these types of cancer. Unlike other receptors,

such as ACE2, TMPRSS4, and CTSL, increased ISG20

expression may prevent viral invasion in these types of

cancer. DNA methylation is known to affect gene expression,

and we found that ISG20 promoter methylation was

significantly lower in BLCA, READ, and THCA tumor

tissues compared with those in the matched normal tissues,

whi le higher in BRCA, LUSC, KIRC, and PAAD.

Hypermethylation of ISG20 in KIRC and PAAD tumor

tissues was correlated with the higher expression, suggesting

that methylation of ISG20 may not underlie the increase in its

expression; thus, other mechanisms may be involved in
Frontiers in Immunology 08
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regulating ISG20 overexpression. Interestingly, both CD and

m6
2A increase ISG20 expression in various cancer cell lines,

even though it is unknown whether CD and m6
2A regulate

ISG20 expression by modification of DNA methylation

patterns. Due to the indispensability of antiviral processes

and anti-tumor responses in the immune system, the

correlation between ISG20 expression and immune

infiltration levels of pan-cancer was analyzed, and we

revealed significant correlations between ISG20 expression

and immune lymphocytes , chemokine , receptors ,

immunoinhibitors, immunostimulators, and MHC molecules

in all cancer types, highlighting a potential antiviral/anti-

SARS-CoV-2 role.

Certain small molecules or natural active components can

affect gene expression. We first performed DrugBank database

searches and revealed ISG20 as a UMP target. UMP was

demonstrated to possess an anti-fibrillatory effect by activating

energy metabolism (32). Unfortunately, our experiments failed to

find UMP-regulated ISG20 expression in cancer cells. We,

therefore, further tested whether CD and m6
2A could affect

ISG20 expression and found that both promoted ISG20

expression at the protein and mRNA levels. CD is a natural

active component of traditional Chinese medicine (TCM) fungus

cordyceps militaris, which has anticancer properties (33–35). m6
2A

is a modified ribonucleoside in the tRNA ofmycobacterium bovis,

according to Bacille Calmette-Guérin (36). CD and m6
2A are

nucleoside derivatives that have been reported to inhibit the

expression of CTSL, another SARS-CoV-2 receptor, in cancer

cell lines (26). In addition, CD inhibited the expression of furin,

another SARS-CoV-2 receptor, in several cancer cell lines (17). As

CTSL inhibitors, both CD and m6
2A can promote ISG20
A
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FIGURE 5

ISG20 isoform expression distribution, utilization, structure in pan-cancer, and conservation of ISG20 across different species. (A) The
expression profiles of the ISG20 isoforms (violin plot). (B) Utilization profiles of the ISG20 isoforms (bar plot). (C) Structure of the ISG20
isoforms in pan-cancer. Information on 7 isoforms is missing; specifically, ENST00000546338.2, ENST00000557824.1, ENST00000558236.1,
ENST00000558942.5, ENST00000558992.1, ENST00000560573.1, and ENST00000560746.1. (D) Conservation of ISG20 across
different species.
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upregulation. Considering ISG20 inhibits viral replication and/or

degradation, CD and m6
2A may play roles in preventing SARS-

CoV-2 invasion and the severity of cancer.

Altogether, our study revealed the expression and

distribution patterns of ISG20 in virus/SARS-CoV-2 invasion
Frontiers in Immunology 09
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inhibition on different tissues and organs, differential expression

and methylation patterns, and the prognostic significance across

several types of cancer. ISG20 can play an important role in

SARS-CoV-2 inhibition in certain types of cancer. Although

future studies are needed for validation, our current study
A

B

C

FIGURE 6

ISG20 mutations in pan-cancer. (A) Overview of ISG20 mutations in pan-cancer. Different colors represent different types of mutations.
(B) ISG20 mutation hot spots in pan-cancer. (C) Correlation of progression-free survival between the ISG20 mutated group (red) and unaltered
group (blue) of pan-cancer.
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FIGURE 7

Correlation between ISG20 expressions and the tumor-immune system in pan-cancer. The correlation between ISG20 expression and
(A) lymphocytes, (B) chemokines, (C) receptors, (D) immunoinhibitors, (E) immunostimulators, and (F) MHCs pan-cancer. The Y axes indicate
human immune molecules, and the X axes show the human cancer type. MHC, major histocompatibility complex. The rho value was used to
show the Spearman correlations with the range of -1(in blue) to 1 (in red), from the most reverse correlations to the most positive correlations
of the gene expressions in the heatmaps. The right panel shows the full terms for all cancers included.
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provides useful information to understand the current COVID-

19 pandemic better. Moreover, small molecules from TCM or

natural products may be used in the development of anti-SARS-

CoV-2 drugs as well anticancer agents by upregulating ISG20

expression. Our study highlighted the value of targeting ISG20 as

an alternative therapeutic strategy in combating cancer, SARS-

CoV2, and other viral-caused diseases such as HAV, HBV, HCV,

IAV, YFV, and BTV.
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SARS-CoV-2 Nsp14 protein
associates with IMPDH2 and
activates NF-kB signaling

Tai-Wei Li1, Adam D. Kenney2, Jun-Gyu Park3,
Guillaume N. Fiches1, Helu Liu4, Dawei Zhou1, Ayan Biswas5,
Weiqiang Zhao1, Jianwen Que4, Netty Santoso1,
Luis Martinez-Sobrido3, Jacob S. Yount2 and Jian Zhu1,2*

1Department of Pathology, The Ohio State University Wexner Medical Center, Columbus,
OH, United States, 2Department of Microbial Infection and Immunity, The Ohio State
University Wexner Medical Center, Columbus, OH, United States, 3Texas Biomedical Research
Institute, San Antonio, TX, United States, 4Department of Medicine, Columbia University
Medical Center, New York, NY, United States, 5Department of Genetics, The University of
Alabama at Birmingham, Birmingham, AL, United States
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection leads

to NF-kB activation and induction of pro-inflammatory cytokines, though the

underlying mechanism for this activation is not fully understood. Our results

reveal that the SARS-CoV-2 Nsp14 protein contributes to the viral activation of

NF-kB signaling. Nsp14 caused the nuclear translocation of NF-kB p65. Nsp14

induced the upregulation of IL-6 and IL-8, which also occurred in SARS-CoV-2

infected cells. IL-8 upregulation was further confirmed in lung tissue samples

from COVID-19 patients. A previous proteomic screen identified the putative

interaction of Nsp14 with host Inosine-5’-monophosphate dehydrogenase 2

(IMPDH2), which is known to regulate NF-kB signaling. We confirmed the

Nsp14-IMPDH2 protein interaction and identified that IMPDH2 knockdown or

chemical inhibition using ribavirin (RIB) and mycophenolic acid (MPA) abolishes

Nsp14- mediated NF-kB activation and cytokine induction. Furthermore,

IMPDH2 inhibitors (RIB, MPA) or NF-kB inhibitors (bortezomib, BAY 11-7082)

restricted SARS-CoV-2 infection, indicating that IMPDH2-mediated activation

of NF-kB signaling is beneficial to viral replication. Overall, our results identify a

novel role of SARS-CoV-2 Nsp14 in inducing NF-kB activation through IMPDH2

to promote viral infection.
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Introduction
SARS-CoV-2 is a beta-coronavirus that causes the current,

severe COVID-19 pandemic globally. The viral genome of

SARS-CoV-2 is a ~30 kb polycistronic, positive-strand RNA

that encodes multiple structural and nonstructural proteins (1,

2). SARS-CoV-2 nonstructural proteins (Nsp 1-16) play

diversified roles in supporting viral RNA/protein synthesis and

virion assembly, including manipulating host gene expression

and host antiviral responses (3, 4). It has been recently reported

that SARS-CoV-2 infection suppresses type I interferon (IFN)

signaling (5, 6), while it induces the activation of NF-kB
signaling that plays a central role in the production of pro-

inflammatory cytokines, including interleukin (IL)- 6 and IL-8

(5, 7, 8). In certain cases, massive inflammatory responses occur

due to hyper-activation of the immune system, resulting in a

widespread and uncontrolled cytokine storm, leading to acute

respiratory distress syndrome (ARDS), life-threatening lung

damage, and increased mortality of COVID-19 patients.

However, the underlying mechanism of how SARS-CoV-2

infection contributes to NF-kB-mediated inflammatory

responses that are expected to determine the outcome of

SARS-CoV-2 viral replication and pathogenesis is still

largely uncharacterized.

Here we focused on characterizing the regulatory functions

of SARS-CoV-2 Nsp14 that are required for efficient viral

replication. Nsp14 is a conserved, multifunctional viral factor

participating in synthesizing and modifying coronaviral sub-

genomic (sg) RNAs (9). Nsp14 possesses a 3’ to 5’ exonuclease

activity that excises mismatched base pairs during viral RNA

replication (10–12), providing a proofreading function that

increases the fidelity of viral RNA synthesis (13, 14). Nsp14

also possesses RNA methyltransferase activity required for

guanine-N7 methylation (15). Nsp14-mediated guanine-N7

methylation cooperates with 2’-O RNA methylation mainly

catalyzed by Nsp10/16, leading to 5’-capping of newly

synthesized sgRNAs (16, 17), which not only prevents

degradation by host RNA 5’ exonucleases and recognition by

host foreign RNA sensors, such as RIG-I (18) but also increases

translation efficiently of host ribosomes to synthesize viral

proteins (19, 20). Nsp14 has also been reported to reduce the

accumulation of viral double-stranded (ds) RNAs and thus

dampen the pathogen-associated molecular pattern (PAMP)

mediated antiviral response (21). In addition, Nsp14 is known

to facilitate recombination between different viral RNAs to

generate new strains (22). Compared to these well-studied

viral functions of Nsp14, its regulation of host cellular events

is much less investigated. An earlier large-scale proteomic

analysis reporting candidate interacting partners for all of the

SARS-CoV-2 open reading frames (ORFs) indicated that the

host inosine-5’-monophosphate dehydrogenase 2 (IMPDH2)

protein is one binding partner of SARS-CoV-2 Nsp14 protein
Frontiers in Immunology 02
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(23). Interestingly, IMPDH2 has been identified to play a role in

regulating NF-kB signaling (24). Our new results showed that

SARS-CoV-2 Nsp14 activates NF-kB signaling and induces IL-8

upregulation, which indeed requires the interaction of Nsp14

with IMPDH2.
Results

SARS-CoV-2 Nsp14 causes activation of
NF-kB

We initially investigated the effect of SARS-CoV-2 Nsp14

along with Nsp10 and Nsp16 on certain immune signaling

pathways. The pcDNA-V5-FLAG-Nsp14/10/16 vectors were

individually transfected in HEK293T, and the expression of

the individual proteins was confirmed (Figure S1A). We then

utilized these expression vectors for interferon-sensitive

response element (ISRE) and NF-kB luciferase reporter assays

(Figures S1B, C). Nsp14 mildly increased ISRE activity at the

basal level but caused its decrease in IFN-a-treated HEK293T

cells, while Nsp10 and Nsp16 mildly decreased ISRE activity at

both conditions, which is consistent with earlier findings (3, 4).

On the contrary, only Nsp14 significantly increased NF-kB
activity in both untreated and TNF-a-treated HEK293T cells.

TNF-a did not affect the expression of transfected Nsp14 in

HEK293T cells (Figure 1A) but induced a drastic increase of NF-

kB activity that was further enhanced by Nsp14 (Figure 1B).

Thus, we further investigated the Nsp14-induced activation of

NF-kB signaling. The impact of Nsp14 on nuclear localization of

NF-kB p65 was determined in HEK293T cells transfected with

Nsp14. Indeed, Nsp14 expression led to the significant increase

of nuclear but not total p65 protein (Figures 1C, D and Figure

S2). These results confirmed that SARS-CoV-2 Nsp14 activates

NF-kB signaling.
SARS-CoV-2 Nsp14 induces upregulation
of IL-8

NF-kB plays a critical role in regulating pro-inflammatory

gene expression. Since we showed that Nsp14 causes NF-kB
activation, we further determined whether Nsp14 induces the

expression of IL-6 and IL-8. IL-6 and IL-8 are defined gene

targets of NF-kB (25–27). In HEK293T cells transfected with

pcDNA-V5-FLAG-Nsp14, IL-6 and IL-8 were consistently and

significantly upregulated with or without TNF-a (Figure 2A).

Results were similar in Nsp14-transfected A549 cells (Figure 2B).

IL-8 protein was detected in TNF-a treated A549 cells, which

further increased due to Nsp14 expression along with the

increase of p65 phosphorylation at ser536 (Figure 2C). The

p65 phosphorylation at ser536 increases p65 nuclear

accumulat ion and NF-kB ’s t ransact ivat ion during
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1007089
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2022.1007089
inflammation or stress response (28–30). Our results suggested

that Nsp14 is capable of increasing NF-kB p65 transactivation to

induce IL-8 expression.

We next confirmed whether infection of cells with SARS-

CoV-2 also induces upregulation of IL-6 and IL-8. HEK293T-

ACE2 cells were infected with the SARS-CoV-2 viral strain USA‐

WA1/2020 (31). The expression of viral genes, Nsp14 and

nucleocapsid (N), was readily detected (Figure 3A). The SARS-

CoV-2 infection also led to the upregulation of IL-6 and IL-8

(Figure 3B). We employed immunofluorescence staining assays

to determine whether IL-8 upregulation occurs in lung tissue

samples dissected from deceased COVID-19 patients. The

results showed that IL-8 expression is consistently higher in

COVID-19 patients (Figure 3C) compared to un-infected cases

(Figure 3D). Indeed, earlier studies of deceased samples of

COVID-19 patients identified that IL-8 induction occurs in

SARS-CoV-2 infection (5, 32). Our results suggested that

Nsp14 contributes to IL-8 induction through NF-kB
activation. We primarily focused on IL-8 as the target gene of

NF-kB for further investigation since it is known that IL-8 has a

role in favoring viral infection by inhibiting the antiviral action

of IFNa (33).
Frontiers in Immunology 03
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IMPDH2 binds to Nsp14 and contributes
to Nsp14-mediated induction of IL-8

We first confirmed the putative protein interaction of Nsp14

with IMPDH2 (23) by protein co-immunoprecipitation (co-IP)

assays in HEK293T cells co-transfected with the pLEX-V5-

IMPDH2 and pEZY-FLAG-Nsp14 vectors (Figure 4A). We

also used the protein co-IP assays to confirm the protein

interaction of FLAG-V5-Nsp14 with endogenous IMPDH2

(Figure 4B). As the next step, we determined whether

endogenous IMPDH2 is required for IL-8 induction by Nsp14.

IMPDH2-targeting or non-targeting (NT) siRNAs were

transfected in HEK293T cells, and an efficient knockdown of

endogenous IMPDH2 was confirmed (Figure 4C). Remarkably,

IMPDH2 knockdown abolished the IL-8 induction by Nsp14 in

HEK293T cells without or with TNF-a (Figure 4D). However,

overexpression of IMPDH2 had no significant effect on NF-kB
activation by Nsp14 in HEK293T cells with or without TNF-a
(Figure S3). In order to further pinpoint which domain(s) of

Nsp14 binding to IMPDH2, we cloned the truncated Nsp14

protein to encode the exonuclease domain (Exo, aa1-287, MW

~30 kDa) or RNA methyltransferase domain (MT, aa288-527,
B

C D

A

FIGURE 1

SARS-CoV-2 Nsp14 increases NF-kB activity. (A–C) HEK293T cells were transiently transfected with V5-FLAG-Nsp14 or empty vector for 24h and
then treated with or without TNF-a for 24h. V5-FLAG-Nsp14 was analyzed by protein immunoblotting (A). HEK293T cells transfected with V5-
FLAG-Nsp14 or empty vector along with NF-kB-driven firefly luciferase and TK-driven renilla luciferase reporter vectors were un-treated or treated
with TNF-a (B). Luciferase activity (firefly/renilla) in these cells was measured and normalized to the untreated group with the empty vector.
HEK293T cells transfected with V5-FLAG-Nsp14 or empty vector were subjected to the nuclear/cytosolic fractionation. V5-FLAG-Nsp14 and NF-kB
p65 in the nucleus or cytosol were analyzed by protein immunoblotting (C). Histone H3 was used as the nuclear marker. The intensity of the p65
protein band was quantified and normalized to the empty vector (D). Results were calculated from 3 independent experiments and presented as
mean +/- standard error of the mean (SEM). (ns: not significant ; * p<0.05; *** p<0.001; by unpaired Student’s t-test).
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MW ~27 kDa) (9, 13, 34) with N-terminal FLAG and V5 tags

(Figure 5A). We transfected full-length (FL), Exo, or MT Nsp14

cDNA in HEK293T cells, and NSP14 proteins were readily

expressed (Figure 5B). In the above HEK293T cells, we

determined the interaction of FL or truncated Nsp14 protein

with endogenous IMPDH2 protein through co-IP assays. Results

showed that only the FL Nsp14 protein binds to endogenous

IMPDH2 (Figure 5B). Consistently, only the FL Nsp14 protein

increased NF-kB-driven luciferase activities (Figure 5C). Thus,

both functional domains of NSP14 involve in its interaction with

IMPDH2 and the induction of NF-kB activation corporately.
IMPDH2 inhibition blocks Nsp14-
mediated NF-kB activation and
IL-8 induction

Since IMPDH2 is required for IL-8 induction by Nsp14, we

expected that its inhibition would reduce Nsp14-mediated NF-

kB activation and IL-8 induction. We tested two reported

IMPDH2 inhibitors, ribavirin (RIB) and mycophenolic acid

(MPA) (23, 35). RIB is a synthetic nucleoside that occupies the

IMPDH2 catalytic site to inhibit IMP conversion to xanthosine

5’-phosphate (XMP) during the guanine nucleotide (GTP)

biosynthesis (35–37). MPA shares similar features with the

IMPDH2 cofactor, nicotinamide adenine dinucleotide

(NAD+). MPA stacks and traps the XMP intermediate at the

catalytic site to inhibit IMPDH2 enzyme activity (35, 38). We
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confirmed that NF-kB activation by Nsp14 significantly

decreases in HEK293T cells treated with RIB (Figure 6A) or

MPA (Figure 6B) at multiple doses in the absence or presence of

TNF-a using the NF-kB luciferase reporter assays. Treatment of

HEK293T cells with RIB (Figure S4A) or MPA (Figure S4B) at

the similar doses caused no obvious cytotoxicity through cell

viability assays. Likewise, treatment of HEK293T cells with RIB

(Figures 6C, D) or MPA (Figures 6E-F) also caused the reduction

of both IL-6 and IL-8 mRNA induction by Nsp14. Furthermore,

we treated Nsp14-transfected A549 cells with RIB or MPA,

which decreased the TNF-a induced p65 phosphorylation and

IL-8 protein expression (Figure S4C). These results supported

the model that IMPDH2 is required for Nsp14’s function to

activate NF-kB and induce IL-8. However, these IMPDH2

inhibitors had no effect on disrupting the Nsp14-IMPDH2

protein interaction measured by co-IP assays (Figure S4D).
IMPDH2 or NF-kB inhibition restricts viral
infection of SARS-CoV-2 in cell culture

We next tested whether IMPDH2 inhibitors (RIB, MPA)

impact SARS-CoV-2 infection in vitro, considering that virus-

mediated NF-kB activation modulates viral infection (39–42).

Indeed, we showed that the infection rate of SARS-CoV-2

decreases in both A549-ACE2 and HEK293T-ACE2 cells

treated with RIB or MPA through quantification of cells

expressing N protein by immunofluorescence staining assays
B CA

FIGURE 2

SARS-CoV-2 Nsp14 increases IL-6/8 expression. (A) HEK293T cells were transfected with V5-FLAG-Nsp14 or empty vector were un-treated or
treated with TNF-a for 24h. The mRNA level of IL-6 and IL-8 in these cells was measured and normalized to the untreated, empty vector-
transfected group. (B) A549 cells were treated similarly as in (A) and analyzed for IL-6 and IL-8 mRNA expression. (C) Protein level of Nsp14,
phosphate, and total NF-kB p65, as well as IL-8, in A549 cells transfected with or without FLAG-V5-Nsp14 +/- TNF-a was measured by
immunoblotting. Results were calculated from at least 3 independent experiments and presented as mean +/- standard error of the mean
(SEM). (* p<0.05; ** p<0.01; by unpaired Student’s t-test).
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(Figures 7A, B, S5A, B) or sgRNA level by RT-qPCR (Figures 7C,

S5C). Consistently, we also identified that treatment of RIB or

MPA leads to a significant reduction of IL-6 and IL-8 expression

(Figure 7D). The results of IMPDH2 inhibitors also aligned with

those of NF-kB inhibitors. Treatment of HEK293T-ACE2 cells

with the NF-kB inhibitors, including BAY 11-7082 (43) and

bortezomib (44), significantly reduced the sgRNA level of SARS-
Frontiers in Immunology 05
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CoV-2 N protein measured by RT-qPCR (Figure 7E). In order to

confirm the antiviral activity of NF-kB inhibitors, we further

performed the plaque reduction microneutralization (PRMNT)

and cell-viability assays with the serial dilution of these drugs in

Vero E6 and A549-hACE2 cells (Figures 7F, G). Bortezomib

potently blocked SARS-CoV-2 infection in both cells without

obvious cytotoxicity, comparable to remdesivir. However, the
B
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FIGURE 3

IL-8 is induced by Nsp14 and in SARS-CoV-2 infected lung tissues. (A, B) HEK293T-ACE2 cells were infected with wild-type SARS-Cov-2
viruses. Cells were harvested at 24 h. Total RNAs were extracted, and the expression of viral genes (Nsp14, N-protein, A) or cytokines (IL-6, IL-8,
B) was analyzed by RT-qPCR and normalized to mock infection. Results were calculated from 3 technical repeats and presented as mean +/-
standard error of the mean (SEM). (* p<0.05; ** p<0.01; by unpaired Student’s t-test). (C, D) Dissected lung tissues from COVID19 patients (C,
donors #144452, #144511, #144538) or non-infected donors (D, donors #438, #439) were analyzed for IL-8 expression by
immunofluorescence (green). Nuclei were stained with Hoechst (blue). Scale bar: 100 µm.
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FIGURE 4

IMPDH2 associates with Nsp14 and is required for IL-8 upregulation by Nsp14. (A) HEK293T cells were transiently transfected with the vector
expressing FLAG-Nsp14 or V5-IMPDH2, alone or together. Cell lysates were prepared and subjected to protein co-immunoprecipitation (co-IP)
assays using anti-FLAG or control IgG antibody. Precipitated protein samples were analyzed by protein immunoblotting using anti-V5 and anti-
FLAG antibodies. (B) HEK293T cells were transiently transfected with the empty vector (V) or FLAG-V5-Nsp14 vector. Cell lysates were prepared
and subjected to protein co-IP assays using an anti-FLAG antibody. Precipitated protein samples were analyzed by protein immunoblotting
using anti-V5 and anti-IMPDH2 antibodies. (C) HEK293T cells were transiently transfected with IMPDH2 or non-targeting (NT) siRNAs. The
mRNA level of IMPDH2 was measured and normalized to siNT. (D) HEK293T cells transfected with IMPDH2 or NT siRNAs were further
transfected with V5-FLAG-Nsp14 or empty vector. These cells were untreated or treated with TNF-a. Total RNAs were extracted. IL-8 mRNA
was analyzed and normalized to the siNT and empty vector-transfected group. Results were calculated from 3 independent experiments and
presented as mean +/- standard error of the mean (SEM). (*p<0.05; ** p<0.01; **** p<0.0001; by unpaired Student’s t-test).
B C

A

FIGURE 5

Full-length Nsp14 protein but not truncated domains interact with IMPDH2 and induce NF-kB activation. (A) We cloned the truncated Nsp14
protein to encode the exonuclease domain (Exo, aa1-287, MW ~30 kDa) or RNA methyltransferase domain (MT, aa288-527, MW ~27 kDa) with
N-terminal FLAG and V5 tags. (B) pcDNA vector expressing full-length (FL), Exo, or MT Nsp14 was transfected in HEK293T cells. At 48h post of
transfection, cells were harvested. Lysates were prepared and subjected to protein co-IP assays using an anti-FLAG antibody. Precipitated
protein samples were analyzed by immunoblotting. (C) HEK293T cells were transfected with pcDNA vector expressing full-length (FL), Exo, or
MT Nsp14, or empty vector, along with NF-kB-driven firefly luciferase and TK-driven renilla luciferase reporter vectors. At 48h post of
transfection, luciferase activity (firefly/renilla) was measured and normalized to the empty vector. Results were calculated from 3 technical
repeats and presented as mean +/- standard error of the mean (SEM). (**** p<0.001; by one-way ANOVA and Tukey’s multiple comparison test).
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anti-SARS-CoV-2 activity of BAY 11-7082 correlated with the

increased cytotoxicity in both cells (Figure S5D). These NF-kB
inhibitors also had no effect on disrupting the Nsp14-IMPDH2

protein interaction (Figure S4E).
Discussion

Besides the well-known viral functions of SARS-CoV-2

Nsp14 to control modification and replication of viral RNA

genomes, earlier studies illustrated that Nsp14 suppresses Type 1

IFN signaling and nuclear translocation of IRF3 to facilitate viral

invasion of the host’s antiviral immune response (3, 4). Our

results showed that Nsp14, which is expressed at the early stage

of primary infection (7), also affects other cell signaling

pathways, such as NF-kB signaling (Figure 1), likely to

support viral replication. Activation of NF-kB may further

trigger the production of downstream pro-inflammatory

cytokines to initiate the cytokine storm and contribute to

ARDS. In this study, we identified that Nsp14 increases

nuclear translocation of p65 and induces the expression of

NF-kB’s downstream cytokines, such as IL-6 and IL-8, which
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have also been detected in lung tissues of COVID-19 patients (5,

32) and animal models of SARS-CoV-2 infection (7). These

cytokines are reported to play a critical role in regulating the

recruitment and infiltration of immune cells (macrophages,

neutrophils) during viral infection (43, 44). Infiltrating

immune cells may further escalate inflammatory responses

leading to lung damage. Indeed, we showed that IL-8

expression is much higher in lung tissue samples of COVID-

19 patients than in uninfected controls (Figures 3C, D). We

identified that only the FL Nsp14 protein binds to endogenous

IMPDH2 protein (Figure 5B) and induces NF-kB activation

(Figure 5C). These results align with other findings reporting

that Nsp14 needs both its exonuclease and methyltransferase

domains to shut down the host’s protein translation (45).

However, due to current technical limitations one remaining

question is whether Nsp14 protein expressed from SARS-CoV-2

viral genome truly contributes to NF-kB activation and IL-6/8

induction, which needs future confirmation. A recent study

showed that Nsp14 interacts with SIRT1/SIRT5 to decrease

NRF2/HMOX1 signaling while increase oxidant stress and

inflammatory responses (46). Nsp14 H268A mutant and other

exoribonuclease-deficient mutants still inhibit NRF2/ARE-
B
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FIGURE 6

IMPDH2 inhibition reduces Nsp14-mediated NF-kB activation and IL8 induction. (A) HEK293T cells transfected with V5-FLAG-Nsp14 or empty
vector along with NF-kB-driven firefly luciferase and TK-driven renilla luciferase reporter vectors were treated with ribavirin (RIB) at 24h post of
transfection for 24h without or with TNFa stimulation. Luciferase activity (firefly/renilla) in these cells was measured and normalized to that of
un-treated, empty vector-transfected cells. (B) Mycophenolic acid (MPA) was tested similarly as in (A). Results were calculated from at least 2
independent experiments and presented as mean +/- standard error of the mean (SEM). (** p< 0.01; *** p< 0.001; **** p< 0.0001 by two-way
ANOVA and Tukey’s multiple comparison test). (C, D) HEK293T cells transfected with V5-FLAG-Nsp14 or empty vector were treated with 500
µM RIB at the basal or TNF-a-stimulated condition. Total RNAs were extracted. IL-6 (C) and IL-8 (D) mRNA was analyzed and normalized to the
mock treatment of the empty vector-transfected group. (E, F) 100 µM MPA was tested similarly as in (C, D), and results were normalized to the
solvent control (0.1% ethanol, EtOH) of the empty vector-transfected group. Results were calculated from 3 independent experiments and
presented as mean +/- standard error of the mean (SEM). (* p<0.05; ** p<0.01; by unpaired Student’s t-test).
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driven transcription, suggesting that Nsp14 may affect cellular

signaling via protein-protein interaction independent of its

exoribonuclease activity. However, it is intriguing to test

whether Nsp14 exoribonuclease-deficient mutants (such as

H268A) have an impact on Nsp14’s function to induce NF-kB
signaling, since our results indeed showed that exoribonuclease

domain of Nsp14 is required for NF-kB activation (Figure 5C).

Another key finding is that IMPDH2 is a host mediator of

Nsp14 involved in NF-kB activation, verified by both genetic

knockdown (Figure 4) and chemical inhibition (Figure 6). We

confirmed the protein interaction of Nsp14 with IMPDH2,

which was initially reported in earlier proteomic studies (23,

32). Previous results also suggested that IMPDH2 benefits the

budding of Junıń mammarenavirus (JUNV), propagation of

lymphocytic choriomeningitis virus (LCMV) (47), and

replication of human norovirus (HuNV) (48). IMPDH2

inhibitors have been used for treating hepatitis C virus (HCV)

(35, 49). Our results suggested that IMPDH2 likely supports

the SARS-CoV-2 infection and Nsp14-mediated NF-kB
activation as well. IMPDH2 is a protein target of certain

immunosuppressive drugs used for organ transplantation and

allograft rejection (38, 50, 51), and it has been reported to

regulate NF-kB signaling (24, 52). In an earlier study, RIB (the

IMPDH2 inhibitor) decreased the IL-6/IL-8 secretion in the

animal models of rotavirus infection (53). Another study also

showed that MPA (the IMPDH2 inhibitor) decreased the NF-kB
activation and induction of IL-8 (54) and IL-6 (55, 56). Nsp14

may hijack IMPDH2 for NF-kB activation (24), contributing to

abnormal inflammatory responses. IL-6 from infected cells may

stimulate macrophages, pathological fibroblasts, Th2 and Th17

cells, and initiate inflammatory or immunopathological

responses that dysregulate extracellular matrix, impair tissue

repairing, and facilitate tissue injury (57–61). IL-8 may attract

neutrophils, stimulate granulocytes’ response to tissue damage,

and generate ARDS-related micro thrombosis (62, 63). IL-8

induction could initiate a positive feedback via autocrine of

attracted neutrophils (63), which may also support viral

replication of SARS-CoV-2 (64) and inhibit SARS-CoV-2

specific T-cell responses (65). In terms of possible molecular

mechanisms, since IMPDH2 participates in regulating the host

nucleotide metabolism (66, 67), it may further modulate cellular

stress response and downstream NF-kB activation (67–69). This

metabolism disruption caused by Nsp14 might increase the

phosphorylation of IKKb and IkBa to further promote

nuclear translocation and phosphorylation of p65 (24). Future

studies will be needed to understand further how Nsp14 and

IMPDH2 cooperate to activate NF-kB. In addition, we also

noticed that Nsp14 partially localizes in the nuclei of cells

(Figures 1C, D), similar to findings from other groups (70, 71).

Thus, Nsp14 may encode other cellular functions. Nsp14 may

associate with and modify the host cellular RNAs via its

exonuclease and methyltransferase activities. Nsp14 may also

affect the transcriptional activity of nuclear p65 and the
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expression of its gene targets. Our study has translational

significance since we showed that both IMPDH2 inhibitors,

RIB and MPA, effectively reduce viral replication of SARS-

CoV-2 and expression of NF-kB’s downstream cytokines (IL-8

and IL-6) induced by SARS-CoV-2 (Figures 7A–D). The

antiviral effect of IMPDH2 inhibitors is likely through

inhibition of NF-kB, supported by our results showing that

NF-kB inhibitors, particularly bortezomib, indeed restrict viral

infection of SARS-CoV-2 in cell culture as well (Figures 7E–G).

It has been reported that IL-8 increases the replication of human

immunodeficiency virus-1 (HIV-1), HCV, and cytomegalovirus

(CMV) (72–75). SARS-CoV-2 Nsp14 induces the NF-kB
signaling and downstream cytokines, which may support the

host cell proliferation and survival, or prevent cell apoptosis,

thus benefiting viral replication (42, 76). As the supportive

evidence, a recent study showed that knockdown of NF-kB
p50 or IL-8 indeed impairs SARS-CoV-2 viral RNA expression

and its replication in A549-ACE2 cells (64). RIB and MPA are

both FDA-approved drugs for treating HCV infection and

transplant organ rejection, respectively. Our findings are

supported by recent results showcasing the therapeutic

potential of RIB and MPA for treating COVID-19 and SARS-

CoV-2 infection. The combination of RIB with IFN b-1b and

Lopinavir–Ritonavir therapy is currently in clinical trials for

treating SARS-CoV-2 infection (77), which has been shown to

significantly alleviate the COVID-19 symptoms and suppress IL-

6 levels in serum. In another preclinical study, MPA was

reported to inhibit SARS-CoV-2 replication (78) and viral

entry (79). In addition, bortezomib is an FDA-approved

antineoplastic agent and would be promising to treat SARS-

CoV-2, which will be further investigated. Overall, our study

delineated a potentially new mode of action (MOA) for these

IMPDH2 inhibitors, which may disrupt the Nsp14-IMPDH2

axis that plays a crucial role in regulating activation of NF-kB
signaling and induction of its downstream cytokines (Figure 8).
Material and methods

Cell culture

HEK293T cells (Cat. # CRL-3216, ATCC) were cultured in

Dulbecco’s modified Eagle’s medium (DMEM, Cat # D5796,

Sigma). A549 cells (Cat. # CCL-185, ATCC) were cultured in

F12K medium (Cat. # 21127030, Gibco™). Vero E6 cells (Cat. #

CRL-1586, ATCC) were cultured in DMEM. HEK293T cells

stably expressing ACE2-GFP were previously described (31).

A549-ACE2 cells were obtained through BEI Resources, NIH

NIAID (Cat # NR53821). Cell culture medium contained 10%

fetal bovine serum (FBS, Cat. # 10437028, Thermo Fisher),

penicillin (100 U/ml)/streptomycin (100 mg/ml) (Cat. #

MT30002CI, Corning).
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Compounds and antibodies

Recombinant human TNF-a (Cat. # 554618) was purchased

from BD. Biosciences. Ribavirin (RIB, Cat. # R0077) was

purchased from Tokyo Chemica l Industry (TCI) .

Mycophenolic acid (MPA, Cat. # M3546), BAY 11-7082 (Cat.

#B5556-10MG), and bortezomib (Cat. # 5043140001) were

purchased from Sigma-Aldrich. Remdesivir was purchased

from AOBIOUS.

Anti-V5 (Cat. # R960-25), HRP-conjugated anti-V5, and

goat HRP-conjugated anti-mouse IgG (H+L) secondary

antibody (Cat. # 31430) were purchased from Thermo Fisher

Scientific. Anti-GAPDH antibody (Cat. # sc-32233) was

purchased from Santa Cruz Biotechnology. Anti-NF-kB p65

(Cat. #8242), anti NF-kB p65 ser536 phosphorylation (Cat.

#3033), anti-FLAG (Cat. # 2368), anti-H3 (Cat. # 9715S), and

goat HRP-conjugated anti-rabbit IgG (Cat. # 7074) antibodies

were purchased from Cell Signaling Technology. Anti-IL8

antibody (Cat. # 554717) was purchased from BD. Biosciences.
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The anti-IMPDH2 antibody (Cat. # 12948-1-AP) was purchased

from Proteintech Group. The anti-SARS-CoV-1/2 NP 1C7C7

antibody was purchased from Sigma-Aldrich.
Plasmids

pLEX-IMPDH2-V5 vector was picked from the MISSION

TRC3 human LentiORF library from Sigma-Aldrich. The

pcDNA-FLAG-V5-Nsp10/14/16 vectors were constructed from

pDONR223 SARS-CoV-2 Nsp10 (Cat. # 141264, Addgene),

Nsp14 (Cat. # 141267, Addgene), and Nsp16 (Cat. # 141269,

Addgene) vectors to the pcDNA3.1-3xFLAG-V5-ccdB (Cat. #

87064, Addgene) destination vector using Gateway™ LR

Clonase™ II Enzyme Mix (Cat. # 11791020, Invitrogen).

pEZY-FLAG-Nsp14 vector was constructed from pDONR223

SARS-CoV-2 Nsp14 vector to the pEZY-FLAG (Cat # 18700,

Addgene) destined vector. pcDNA-FLAG-V5-Nsp14 Exo/MT

vectors were constructed. Nsp14 Exo/MT domain was PCR
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FIGURE 7

IMPDH2 and NF-kB inhibitors restrict the SARS-CoV-2 infection in cell culture. (A-D) A549-ACE2 cells were treated with RIB (500 mM), MPA (100
mM), or mock, and simultaneously infected with SARS-Cov-2 viruses for 24 h. The SARS-CoV-2 infection was detected by intracellular staining of
SARS-CoV-2 N protein (A). The percentage of SARS-CoV-2 N protein-positive cells was calculated (B). Cells were harvested for RNA extraction, and
N protein sgRNA was analyzed and normalized to the mock treatment (C). The mRNA of IL-6 and IL-8 was analyzed and normalized to the non-
infected cell with the mock treatment (D). (E) HEK293T-ACE2 cells were infected with SARS-CoV-2 in the presence of BAY 11-7082 (10 µM),
bortezomib (10 µM), or DMSO solvent control for 24 h. The sgRNA level of N protein was analyzed and normalized to DMSO. Results were
calculated from 3 technical repeats and presented as mean +/- standard error of the mean (SEM). (* p<0.05; ** p<0.01; *** p<0.001; **** p<0.001;
by one-way (B, C, E) or two-way ANOVA (D) and Tukey’s multiple comparison test). (F-G) Vero E6 (F) or A549-ACE2 (G) cells were briefly infected
with SARS-CoV-2, followed by treatment of indicated compounds (bortezomib, remdesivir). At 24 hpi, the above cells were subjected to PRMNT
assay at four biological replicates. Results were calculated as mean +/- standard deviation (SD). The dotted line indicates the 50% inhibition. The
selectivity index (SI) is presented as CC50/EC50.
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amplified with the Phusion Flash High-Fidelity PCR Master Mix

(Cat. #F548S, Thermo Scientific) using the following primers.

Exo forward: 5’-GGGGACAAGTTTGTACAAAAAAGC

AGGCTGCATGGCTGAGAACGTGACCG-3’; Exo reverse: 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTATTACAC

GAAGCACTCGTGCAC-3’;MT forward: 5’-GGGGACAAG

TTTGTACAAAAAAGCAGGCTGCATGAAGCGTGTGGAC

TGGACC-3’; MT reverse: 5’-GGGGACCACTTTGTACAA

GAAAGCTGGGTATTACTGCAGCCTGGTGAAGGTG-3’.

TG-3’. The PCR products of Nsp14 domains were

recombined in the pDONR223 vector via B/P cloning using

the Gateway™ BP Clonase™ II Enzyme mix (Cat. # 11789020,

Invitrogen), and subsequently in pcDNA3.1-3xFLAG-V5-ccdB

vector via L/R cloning. The pLEX-FLAG-V5 vector was

constructed by cloning the FLAG sequence to the pLEX-307

(Cat # 41392, Addgene) vector. The pNF-kB-luciferase vector

(PRDII4–luc in the pGL3 vector) was the gift from Dr. Jacob

Yount’s lab (80). The pIRES-luciferase vector (Cat. # 219092)

was acquired from Agilent Technologies. The pRL-TK Renilla

Luciferase vector (Cat. # AF025846) was purchased

from Promega.
Transient transfection

For Nsp14 overexpression, we performed the transient

transfection in HEK293T or A549 cells using TurboFect
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transfection reagents (Cat. # R0531, Thermo Scientific).

Briefly, cells were seeded and incubated with the mixture of

plasmids with Turbofect for 24 h. The medium was changed,

followed by treatment of TNF-a or compounds. For IMPDH2

knockdown, 20 nM siRNA (IMPDH2 assay ID: s7417, sense: 5’-

CCAAGAAAAUCACUCUUtt-3’, Ambion by Life technologies;

non-targeting control: Silencer™Negative Control No. 4 siRNA,

si NT, Cat. # AM4641, Invitrogen) was reversely transfected in

HEK293T cells using Lipofectamine™ RNAiMAX Transfection

Reagent (Cat. # 13778030, Invitrogen). Cells were kept in culture

for 48h and subjected to qPCR analysis to measure

gene expression.
Protein immunoblotting

Protein immunoblotting was performed following our

previously published protocols (81, 82). Briefly, cells were

harvested, washed by PBS, and pelleted. Cell pellets were lysed

in RIPA buffer (Cat. #20-188, Millipore) containing protease

inhibitor cocktail (Cat. # A32965, Thermo Scientific) on ice,

followed by brief sonication to prepare cell lysate. The BCA assay

kit (Cat. #23225, Thermo Scientific) was used to quantify the

total protein amount in cell lysate, which was boiled in the SDS

loading buffer with 5% b-mercaptoethanol (Cat. #60-24-2, Acros

Organics). The denatured protein samples were separated by

Novex™ WedgeWell™ 4-20% SDS-PAGE Tris-Glycine gel and
FIGURE 8

A working model of Nsp14-mediated NF-kB activation during SARS-CoV-2 infection. Infection of SARS-CoV-2 (1) leads to the expression of
Nsp14 (2) that interacts with IMPDH2 (3). Such interaction promotes the nuclear translocation of NF-kb p65 (4) and its activation, which
upregulates the expression of downstream cytokines, including IL-6 and IL-8 (5). Expression of IL-6 and IL-8 may further amplify the
inflammatory response from immune cells contributing to viral pathology in COVID (6) and also, in return, benefit SARS-CoV-2 infection.
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transferred to PVDF membrane (iBlot™ 2 Transfer Stacks,

Invitrogen) using iBlot 2 Dry Blotting System (Cat. # IB21001,

Thermo Scientific). The membranes were blocked by 5% milk in

PBST and probed by the specific primary antibodies at 4°C

overnight, followed by the HRP-conjugated secondary

antibodies. The membranes were developed using the Clarity

Max ECL substrate (Cat. # 1705062, Bio-Rad).
Luciferase reporter assays

HEK293T cells were transfected with ISRE or NF-kB
luciferase vector along with pRL-TK renilla luciferase vector

with or without the indicated vector expressing Nsp14. At 24 h

post of transfection, the medium was changed, and cells were

treated with 10 ng/ml TNF-a or un-treated for 24h. Cells were

lysed using the Dual-Glo® Luciferase Assay System (Cat.

#E2920, Promega). Luciferase/renilla signal intensity was

detected using Biotek Cytation5 and analyzed by GEN5

software (Biotek). Cell viability assays were performed for

HEK293T cells treated with inhibitors for 24h by using

CellTiter-Glo® (Cat. # G7571, Promega), and the results were

normalized to the solvent control.
Nuclear and cytoplasmic extraction

HEK293T cells were transfected by pcDNA-FLAG-V5-

Nsp14 or control vector pLex307-FLAG-V5 for 24h and

changed to fresh completed DMEM medium for further 24 h

culture. Cells were collected, washed twice with 1× PBS, and

subjected to the nucleus and cytoplasm extraction using NE-PER

Nuclear and Cytoplasmic Extraction Reagents (Cat. #78833,

Thermo Scientific) following the manufacturer’s instructions

and our previous studies (81). Total proteins in the whole-cell

lysates from the same number of cells were extracted using 1×

RIPA buffer. Extractions from nuclear, cytoplasmic proteins and

the total cell lysate proteins were denatured and boiled with 4×

LDS sample buffer (Cat. #NP0007, Invitrogen) and subjected to

immunoblotting analysis with equal protein loading of extracts

(~20 μg/ lane) . Ant i-GAPDH and ant i-his tone H3

immunoblotting were used as internal controls to determine

the cytoplasmic and nuclear fractions.
Protein co-immunoprecipitation

Protein co-IP assays were performed following the

previously published protocol (81). Briefly, protein A/G

magnetic beads (Cat. # 88802, Thermo Scientific) and anti-

FLAG M2 magnetic beads (Cat. # M8823, Sigma-Aldrich) were

washed with 1× RIPA buffer containing protease inhibitor

cocktail. Cellular lysates were precleared with the empty
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magnetic beads for 1 h at 4°C on a 360° tube rocker. The cell

lysate was incubated with anti-FLAG M2 magnetic beads for

pull-down of FLAG-Nsp14 protein at 4°C overnight with

constant rotation. Protein immunocomplexes were washed by

RIPA buffer and boiled in SDS loading buffer containing 5% 2-

mercaptoethanol, followed by protein immunoblotting. A

normal mouse IgG antibody (Cat. # sc-2025, Santa Cruz) was

used as the control in parallel.
Quantitative reverse transcription PCR

RT-qPCR assays were performed following the previously

published protocol (83). Total RNAs from harvested cells were

extracted using the NucleoSpin RNA extraction kit (Cat. #

740955.250, MACHEREY-NAGEL), and 0.4-1 mg RNA was

reversely transcribed using the iScript™ cDNA Synthesis Kit

(Cat. # 1708890, Bio-Rad). Real-time qPCR was conducted using

the iTaq™Universal SYBR® GreenSupermix (Cat. # 1727125, Bio-

Rad). The PCR reaction was performed on a Bio-Rad CFX connect

qPCR machine under the following conditions: 95°C for 10 m, 50

cycles of 95°C for 15 s, and 60°C for 1 m. Relative gene expression

was normalized to GAPDH internal control as the 2-DDCt method: 2
(DCT of targeted gene - DCT of GAPDH). The following primers were used.

IL-4 forward: 5’-GTTCTACAGCCACCATGAGAA-3’, reverse: 5’-

CCGTTTCAGGAATCAGATCA-3’; IL-6 forward: 5’-ACTCAC

CTCTTCAGAACGAATTG-3’, reverse: 5’-CCATCTTTGGAA

GGTTCAGGT-TG-3’ (61); IL-8 forward: 5’-CTTGGC

AGCCTTCCTGATTT-3’; reverse: 5’-GGGTGGAAAGGTTT-

GGAGTATG-3’; Nsp14 forward: 5'-ACATGGCTTTGAGTTG

ACATCT-3',reverse: 5'-AGCAGTGGAAAAGCATGTGG-3' IMP

DH2 forward: 5′- CTCCCTGGGTACATCGACTT-3′, reverse: 5′-
GCCTCTGTGACTGTGTCCAT-3′ (83); GAPDH forward: 5′-
GCCTCTTGTCTCTTAGATTTGG-TC-3′ , reverse: 5′-
TAGCACTCACCATGTAGTTGAGGT-3′.

SARS-CoV-2-TRS-L (N sgRNA forward): 5′-CTCTTG
TAGATCTGTTCTCTAAACGAAC-3′,

SARS-CoV-2-TRS-N (N sgRNA reverse): 5′-GGTCC

ACCAAACGTAATGCG-3′ (84)
Viral infection

SARS-CoV-2 strain USA-WA1/2020 was obtained from BEI

Resources, NIH, NIAHD (Cat # NR52281) and was plaque

purified in Vero E6 cells to identify plaques lacking furin

cleavage site mutations. A WT virus plaque was then

propagated on Vero E6 cells stably expressing TMPRSS2

(kindly provided by Dr. Shan-Lu Liu, Ohio State University)

for 72 h. The virus was aliquoted, flash-frozen in liquid nitrogen,

and stored at -80C. The virus stock was titered on Vero E6 cells

by TCID50 assay. For infection assays, the SARS-CoV-2 virus

(MOI: 1.0) was added to cells along with drug treatment for 24 h
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at a BSL3 laboratory of OSUMedical Center. Cells were collected

by trypsinization, and either lysed with Trizol reagent (Cat #

15596026, Thermo Scientific) for RNA extraction following the

manufacturer’s protocol or fixed with 4% paraformaldehyde in

PBS for 1 h prior to staining for flow cytometry. Staining was

performed with the anti-SARS-CoV-2 nucleocapsid protein (N)

antibody (Cat # 40143-MM08, Sino Biological) as described

previously (31, 85). Flow cytometry was performed on a

FACSCanto II machine (BD Biosciences). Data were analyzed

using FlowJo software.
Human subjects

The lung specimens from deceased COVID-19 patients were

obtained from Biobank at Columbia University Irving Medical

Center. The control normal lung specimens were the gifts from

Jahar Bhattacharya (Columbia University, NY, USA). For paraffin

sections, the lungs were fixed with 4% paraformaldehyde (PFA) at

4°C overnight, dehydrated through a series of grade ethanol, and

incubated with Histo-Clear (Cat.5989-27-5, National Diagnostics,

USA) at room temperature for 2 hours prior to paraffin

embedding. 7 mm thick sections were then prepared from the

paraffin blocks and mounted on the slides for staining.
Protein immunofluorescence

Paraffin-embedded lung tissue blocks were baked on the

hotplate at 75°C for 20 min and deparaffinized in xylene. The

slides were rehydrated from 100%, 90%, to 70% ethanol and then

to PBS. We performed the antigen unmasking using the retriever

(Cat. # 62700-10, Electron Microscopy Sciences) with R-Buffer A

pH 6.0 (Cat. # 62706-10, Electron Microscopy Sciences) for 2 h

to complete the cycle and cool down. Slides were blocked with

20% normal goat serum (NGS) in PBST for 2 h at room

temperature. Slides were incubated with an anti-IL-8 antibody

(Cat. # 550419, BD Pharmingen™) in 5% NGS with PBS at 4°C

overnight. Slides were washed with PBST and incubated with

Alexa 488 coated goat anti-mouse antibody in 5% NGS/PBS for

2 h at room temperature. Slides were washed with PBST and

stained with Hoechst (1:5000 in PBS, Invitrogen). Coverslips

were mounted on slides using ProLong Glass Antifade

Mountant (Cat. # P36982, Invitrogen) and dried out in the

dark overnight. Confocal images were acquired using the ZEISS

LSM 700 Upright laser scanning confocal microscope and ZEN

imaging software (ZEISS).
Plaque reduction microneutralization

PRMNT assay was performed to evaluate the antiviral

activity of drugs against SARS-CoV-2 as previously described
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(86). In brief, Vero-E6 and A549-ACE2 cells were seeded on

96-well plates with 4×104 cells/well in 96-well plates (for

quadruplicates) at 24 h prior to viral infection. Cells were

inoculated with SARS-CoV-2 (USA-WA1/2020 strain) viruses

(100 plaque-forming units (PFU)/well) at 37°C for 1 h in the

CO2 incubator. After 1 h of viral adsorption, infection media

was replaced with post-infection media containing 1% Avicel

and 2-fold dilutions of the indicated compounds (starting

concentration 100 μM), remdesivir (positive controls), or

0.1% DMSO (negative control), and incubated at 37°C for

24 h. At 24 h post-infection, cells were fixed with 10% neutral

formalin for 24 h. Cells were permeabilized with 0.5% Triton

X-100 in PBS at room temperature for 15 min and blocked with

2.5% BSA in PBS at 37°C for 1 h. Cells were stained with anti-

SARS-CoV nucleocapsid (N) protein monoclonal antibody

(1C7C7) in 1% BSA–PBS at 37°C for 1 h. After incubation

with the primary monoclonal antibody, cells were washed with

PBS and incubated with a secondary peroxidase-conjugated

goat anti-mouse IgG (Dako; 1:200) in 1% BSA-PBS for 1 h at

37°C. Following the manufacturer’s instructions, the labeled

cells were detected by using the VECTASTAIN® ABC-HRP Kit

(Vector Laboratories). Viral plaques were quantified using a

CTL ImmunoSpot plate reader and counting software (Cellular

Technology Limited). Infection of wild-type SARS-CoV-2 was

carried out at a BSL3 laboratory of Texas Biomedical Research

Institute. The percentage of viral infection was calculated as

below:

Viral infection =

ðNumber of plaques with drug treatment −
Number of plaques with “No virus”Þ

ðNumber of plaques with “No drug”; −
Number of plaques with “No virus”Þ
MTT cell viability assay

The viability of Vero and A549-ACE2 cells was determined

using the MTT assay (CellTiter 96 Non-Radioactive Cell

Proliferation assay, Promega) following the manufacturer’s

instructions and as described previously (87). Briefly, confluent

monolayers (96-well plate format, 4×104 cells/well ,

quadruplicates) of Vero and A549-ACE2 cells were treated

with 100 μl of DMEM containing serially diluted (2-fold

dilutions, starting concentration of 100 μM) compounds, or

0.1% DMSO (negative control). Plates were incubated at 37°C in

a 5% CO2 atmosphere for 24 h. Cells and supernatants were

treated with 15 μl of Dye Solution and incubated at 37°C in a 5%

CO2 atmosphere for 4 h. Then, cells were treated with 100 μl of

Solubilization Solution/Stop Mix, and absorbance at 570 nm was

measured using a Vmax kinetic microplate reader (BioTek). The

viability of compound-treated cells was calculated as a

percentage relative to values obtained with Vehicle-treated

cells (0.1% DMSO). Non-linear regression curves and the
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median cytotoxic concentration (CC50) were calculated using

GraphPad Prism software version 8.0.
Statistics

Statistical analysis was performed using the GraphPad

PRISM. Data are presented as mean ± SEM of biological

repeats from at least 2 independent experiments. * p<0.05, **

p<0.01, *** p<0.001, or **** p<0.001 indicated the significant

difference analyzed by ANOVA or Student’s t-test.
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IFI44 is an immune evasion
biomarker for SARS-CoV-2 and
Staphylococcus aureus infection
in patients with RA

Qingcong Zheng1†, Du Wang2†, Rongjie Lin1, Qi Lv1

and Wanming Wang1*

1Department of Orthopedics, 900th Hospital of Joint Logistics Support Force, Fuzhou, China,
2Arthritis Clinical and Research Center, Peking University People’s Hospital, Beijing, China
Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

caused a global pandemic of severe coronavirus disease 2019 (COVID-19).

Staphylococcus aureus is one of the most common pathogenic bacteria in

humans, rheumatoid arthritis (RA) is among the most prevalent autoimmune

conditions. RA is a significant risk factor for SARS-CoV-2 and S. aureus

infections, although the mechanism of RA and SARS-CoV-2 infection in

conjunction with S. aureus infection has not been elucidated. The purpose of

this study is to investigate the biomarkers and disease targets between RA and

SARS-CoV-2 and S. aureus infections using bioinformatics analysis, to search

for the molecular mechanisms of SARS-CoV-2 and S. aureus immune escape

and potential drug targets in the RA population, and to provide new directions

for further analysis and targeted development of clinical treatments.

Methods: The RA dataset (GSE93272) and the S. aureus bacteremia (SAB)

dataset (GSE33341) were used to obtain differentially expressed gene sets,

respectively, and the common differentially expressed genes (DEGs) were

determined through the intersection. Functional enrichment analysis utilizing

GO, KEGG, and ClueGO methods. The PPI network was created utilizing the

STRING database, and the top 10 hub genes were identified and further

examined for functional enrichment using Metascape and GeneMANIA. The

top 10 hub genes were intersected with the SARS-CoV-2 gene pool to identify

five hub genes shared by RA, COVID-19, and SAB, and functional enrichment

analysis was conducted using Metascape and GeneMANIA. Using the

NetworkAnalyst platform, TF-hub gene and miRNA-hub gene networks were

built for these five hub genes. The hub gene was verified utilizing GSE17755,

GSE55235, and GSE13670, and its effectiveness was assessed utilizing ROC

curves. CIBERSORTwas applied to examine immune cell infiltration and the link

between the hub gene and immune cells.

Results: A total of 199 DEGs were extracted from the GSE93272 and GSE33341

datasets. KEGG analysis of enrichment pathways were NLR signaling pathway,

cell membrane DNA sensing pathway, oxidative phosphorylation, and viral

infection. Positive/negative regulation of the immune system, regulation of
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the interferon-I (IFN-I; IFN-a/b) pathway, and associated pathways of the

immunological response to viruses were enriched in GO and ClueGO

analyses. PPI network and Cytoscape platform identified the top 10 hub

genes: RSAD2, IFIT3, GBP1, RTP4, IFI44, OAS1, IFI44L, ISG15, HERC5, and

IFIT5. The pathways are mainly enriched in response to viral and bacterial

infection, IFN signaling, and 1,25-dihydroxy vitamin D3. IFI44, OAS1, IFI44L,

ISG15, and HERC5 are the five hub genes shared by RA, COVID-19, and SAB.

The pathways are primarily enriched for response to viral and bacterial

infections. The TF-hub gene network and miRNA-hub gene network

identified YY1 as a key TF and hsa-mir-1-3p and hsa-mir-146a-5p as two

important miRNAs related to IFI44. IFI44 was identified as a hub gene by

validating GSE17755, GSE55235, and GSE13670. Immune cell infiltration

analysis showed a strong positive correlation between activated dendritic

cells and IFI44 expression.

Conclusions: IFI144 was discovered as a shared biomarker and disease target

for RA, COVID-19, and SAB by this study. IFI44 negatively regulates the IFN

signaling pathway to promote viral replication and bacterial proliferation and is

an important molecular target for SARS-CoV-2 and S. aureus immune escape

in RA. Dendritic cells play an important role in this process. 1,25-Dihydroxy

vitamin D3 may be an important therapeutic agent in treating RA with SARS-

CoV-2 and S. aureus infections.
KEYWORDS

SARS-CoV-2, COVID-19, Staphylococcus aureus, Rheumatoid arthritis, IFI44,
dendritic cells, 1,25-dihydroxy vitamin D3
Introduction

Rheumatoid arthritis (RA) (1) is one of the most prevalent

chronic inflammatory autoimmune diseases and has been the

focus of intense study for decades (1–5). The prevalence of RA is

about 1% (6). The clinical presentation of RA is characterized by

chronic persistent synovitis, which, in turn, destroys bone and

cartilage, leading to joint bone destruction and chronic disability

(7–9). Therefore, patients with RA are more prone than the

general population to requiring hip and knee replacements (10).

There are three main categories of factors that influence the

progression of RA: genetic, environmental, and immune (11,

12), with microbial infections (e.g., bacteria and viruses)

constituting a significant subset of environmental factors that

can trigger, induce, and exacerbate the disease process in RA

(13–17). The balance between the impact of microorganisms on

the host and the immune response of the host to

microorganisms is crucial for maintaining the regular

functioning of the body’s immune system, and an imbalance

between these reactions can exacerbate autoimmune

inflammation in RA (18). In addition, disease-modifying

antirheumatic drugs (DMARDs) and glucocorticoids,
02
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commonly used for RA, can affect the immune system to

varying degrees (19–21). Although emerging biologic

medicines (e.g., TNF inhibitors) have been employed in recent

years to treat patients with RA with an inadequate response to

DMARDs (22–25), studies have shown that their usage is linked

with an increased risk of infection in patients with RA (26–28).

Therefore, microbial infection is dangerous for individuals with

RA, either in the illness itself or with the associated medicine, as

well as after arthroplasty (29–31).

Staphylococcus aureus is a gram-positive human

opportunistic pathogen (32) that frequently colonizes the

human nasal cavity (33, 34) and can cause severe systemic or

local infections if the immune system is compromised (35). First,

S. aureus bacteremia (SAB) is a frequent systemic infection that

is characterized by significant morbidity and mortality (36), and

the majority of SAB are endogenous infections, predominantly

from nasally colonized colonies (37). Second, local infections

with S. aureus are prevalent in postoperative surgical-site

infection (SSI) and prosthetic joint infection (PJI) (38, 39),

which are not only the most prevalent postoperative

complications (40) but also catastrophic consequences of joint

replacement surgery (41, 42). According to studies, nasal
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carriage of S. aureus is also a common source of postoperative

infections (43, 44). Patients with RA are more likely than the

general population to carry S. aureus in their nasal vestibules

(45), and RA medications enhance nasal S. aureus carriage (46).

In a Danish national observational cohort study, RA was

identified as a significant risk factor for SAB, and intra-

articular orthopedic implants enhanced the chance of infection

(31). Another prospective cohort study found that patients with

RA had a greater incidence of SAB and death and that RA-

induced osteoarthritic damage made S. aureus more vulnerable

to osteoarthritic infection (47). Patients with RA are susceptible

to S. aureus primarily due to the following factors: First, the

immune system disorder of patients with RA makes S. aureus

easy to invade the host. Second, for the local situation of patients

with RA, the bone and joint damage caused by the disease makes

local infection with S. aureus easier. Third, patients with RA are

susceptible to carrying S. aureus. Fourth, the medication of RA

makes the nasal cavity more susceptible and carries more S.

aureus. Fifth, it is easy for S. aureus to cause SSI and PJI in

patients with RA who have had joint replacement surgery.

Therefore, we aim to investigate the RA population’s

underlying susceptibility mechanism to S. aureus.

In 2019, COVID-19, caused by the severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2), swiftly affected people

and produced a significant public health concern, which was

eventually classified as a worldwide pandemic (48–52). As of 12

June 2022, over 535 million confirmed cases and over six million

deaths had been reported globally (53). COVID-19 is a systemic

disease that can cause significant damage to several body

systems, manifesting clinically as fever, cough, and respiratory

distress, as well as skeletal and muscular symptoms, including

arthralgia (54–57). SARS-CoV-2 has been reported to

overstimulate the body’s immune system and contribute to

autoantibody production due to potential antigenic cross-

reactivity with the body (58–60). Indeed, patients with

COVID-19 frequently exhibit immunological dysregulation

(61) and can trigger multiple autoimmune diseases (59, 62),

and, conversely, patients with autoimmune disease are more

vulnerable to SARS-CoV-2 infection (63), and the course of

COVID-19 is more severe in hospitalized patients with

autoimmune disease (64). As one of the most prevalent

autoimmune diseases, RA merits in-depth investigation.

According to studies, patients with RA infected with SARS-
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CoV-2 had a greater likelihood of hospitalization and mortality

than non-RA patients (65, 66). Moreover, viral sequelae/

combined bacterial infections are not only common

consequences (67–69) but also significantly exacerbate disease

severity and death (70–74). Streptococcus pneumoniae, b-
hemolytic streptococci, Haemophilus influenzae, Pseudomonas

aeruginosa, and S. aureus are often coinfected microorganisms

(75–80). In COVID-19, S. aureus was the most common

bacterium for SARS-CoV-2 sequel/combination (81, 82).

The RA population is one of the most numerous in the world

for autoimmune diseases, with S. aureus being one of the most

common human pathogens and COVID-19 caused by SARS-

CoV-2, leading to a global pandemic. These three factors affect a

wide range of populations and have a poor prognosis, and their

combination leads to high rates of disability and mortality,

posing a serious risk to global public health. This study aims

to investigate the causes of RA susceptibility to SARS-CoV-2 and

Aureus infection through bioinformatics analysis, to discover the

common biomarkers and disease targets among the three, to

search for the mechanisms of SARS-CoV-2 and S. aureus

immune escape in the RA population, and to provide new

directions for further analysis of their pathogenesis and

targeted development of clinical treatments.
Materials and methods

Data collection

Three RA (GSE93272, GSE17755, GSE55235) and two S.

aureus infection (GSE33341 and GSE13670) datasets were

included in this study (83–87), using the National Center for

Biotechnology Information Gene Expression Omnibus (GEO)

(https://www.ncbi.nlm.nih.gov/geo/) for screening (Table 1). As

test sets, the GSE93272 dataset with 232 patients with RA and 43

healthy individuals’ whole blood samples and the GSE33341

dataset with 31 SAB patients and 43 healthy individuals’ whole

blood samples were utilized to identify the differentially

expressed genes (DEGs). The GSE17755 dataset contains

whole-blood samples from four patients with RA and 12

healthy individuals. The GSE55235 dataset contains synovial

tissue samples from 10 patients with RA and 10 healthy

individuals. GSE13670 dataset contains 15 S. aureus-infected
TABLE 1 Basic information of selected datasets.

Dataset ID Platform Tissue (Homo sapiens) Experimental group Normal control Experiment type Reference

GSE93272 GPL570 Whole blood 232 43 Array Tasaki et al. (83)

GSE33341 GPL571 Whole blood 31 43 Array Ahn et al. (84)

GSE17755 GPL1291 Whole blood 4 12 Array Lee et al. (85)

GSE55235 GPL96 Synovium 10 10 Array Woetzel et al. (86)

GSE13670 GPL570 PBMC 15 15 Array Kozielet al. (87)
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macrophage samples and 15 healthy human macrophage

samples. These three datasets were utilized as validation sets

for the hub genes.
Identification of DEGs

The empirical Bayesian approach of the limma R package

(http://www.bioconductor.org/packages/release/bioc/html/

limma.html) (88, 89) was used for differentially expressed genes

between the RA and HC groups of GSE93272 and the SAB and

HC groups of GSE33341 for analysis. The cutoff was |log2 FC| >

0.5 and P < 0.05. The volcano map was further drawn using the

ggplot2 package to reflect the differential expression of DEGs.

The common DEGs were obtained by taking the intersection of

DEGs (GSE93272) and DEGs (GSE33341) using the Venn-

diagram package in the R software.
GO, KEGG, and ClueGO enrichment
analyses of DEGs

To explore the pathways and functions of the identified

genes, GO and KEGG enrichment analyses of common-DEGs

were performed with the R package “clusterProfiler” (90, 91). P <

0.05 indicates statistical significance. Finally, we visualized the

common DEGs by using ClueGO (a plug-in for Cytoscape that

uses the Kappa statistical analysis method) to display the

interactive gene network map and analyze the function of the

target gene set.
PPI network analysis, machine learning,
and the identification of hub genes

The STRING database (https://string-db.org/) (92) was

utilized to filter and construct PPI networks based on

confidence values greater than 0.40. Machine learning is used

to predict the interactions of PPI networks, specifically using the

k-means algorithm (network is clustered to a specified number

of clusters; number of clusters: 3) for clustering. K-means is an

effective unsupervised machine learning approach for predicting

protein pairings that interact without prior data labeling (93, 94).

We construct and visualize PPI network data using The

Cytoscape platform (95), then analyze PPI molecular networks

using The MCODE (a Added to abbreviations Cytoscape plug-

in). The cytoHubba tool was utilized to find hub genes, analyze

each gene using the maximum centrality (MCC) algorithm, rank

these genes, and filter the top 10 hub genes.
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Metascape and GeneMANIA enrichment
analyses of hub genes

Metascape (https://metascape.org/gp/index.html#/main/

step1) is a statistical approach that can use all genes in the

input genome as an enrichment background. Genes are grouped

into clusters using terms with a P-value of 0.01, a minimum

count of 3, and an enrichment factor > 1.5 to look for

enrichment pathways and related functional annotations of

target genes. In addition, terms with a similarity of greater

than 0.30 were connected point to point by the Cytoscape

visual network program to generate a network diagram that

further illustrates the relationships between terms. GeneMANIA

(http://www.genemania.org) is another website that integrates

different databases and technologies to anticipate and identify

the relevant activities of individual genes in hub genes and

establish gene priority and linkages.
Identification of hub genes between RA,
COVID-19, and SAB and functional
enrichment analysis

The GeneCards database (https://www.genecards.org/) (96)

was accessed and searched for “COVID-19” and “SARS-CoV-2”

as keywords, and 4,778 and 4,055 related genes were found,

respectively. There were 17, 28, and 25 SARS-CoV-2–associated

genes from Ziegler et al. (97), Jain et al. (98), and Xiong et al.

(99), respectively (Table 2). Finally, 5,103 related genes were

obtained after summarizing these five parts of genes and

removing duplicate data. Hub genes were obtained from the

intersection of the top 10 hub genes and 5,103 SARS-CoV-2–

related genes using the Venn Diagram package in R software.

Finally, Metascape and GeneMANIA enrichment analyses of the

hub gene were used.
Construction of TF-hub genes and
miRNA-hub gene network

TF-hub gene and miRNAs-hub gene regulation networks

were constructed utilizing NetworkAnalyst (https://www.

networkanalyst.ca/) (100). We submitted the hub genes

between RA, COVID-19, and SAB to NetworkAnalyst to

acquire TFs from the ENCODE database and miRNA from

miRTarBase v8.0 and TarBase v8.0 for hub genes. Cytoscape was

used to display the networks of TF-hub genes and miRNA-

hub genes.
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Validation of hub genes and
identification of hub genes

The datasets GSE17755, GSE55235, and GSE13670 were

included in our study as validation sets to strengthen the

reliability and correctness of the results. The genes from the

three validation sets were also individually processed using

the limma R package to generate the volcano map of the

corresponding DEGs. The hub genes were identified using the

Venn Diagram tool, and the expression of the hub genes in each

dataset was visualized using a box plot. The subject Receiver

Operating Characteristic Curve (ROC) was then used to estimate

the test’s effect to determine the hub gene’s sensitivity and

specificity in various datasets (101). A value of 0.7 was

regarded as diagnostically significant.
Analysis of immune cell infiltration and
correlation analysis between
immune cells

The CIBERSORT algorithm (http://CIBERSORT.stanford.

edu/) is a method based on linear support vector regression

(102). It was applied to evaluate the composition and quantity of

immune cells in RA and HC. P < 0.05 prompted us to submit the

data to CIBERSORT and receive the immune cell infiltration

matrix. The ggplot2 package was used to display the distribution

of LM22, whereas the corrplot package was utilized to display its

correlation. Finally, we used Pearson’s correlation coefficient

analysis to reveal the relationship between the expression of

target genes and the abundance of immune cells in RA to find

immune cells associated with the target genes. The Github page

for this study is HTTPS(https://github.com/zheng5862/IFI44).

Results

Identification of DEGs

The flowchart shows all our study’s key and important

procedures (Figure 1). A total of 338 DEGs were obtained
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from the GSE93272 dataset, of which 322 were upregulated

genes and 16 were downregulated genes. In addition, 3,174

DEGs were obtained from the GSE33341 dataset, of which

1,429 were upregulated genes and 1,745 were downregulated

genes. The distribution of DEGs for the two datasets was

visualized using a volcano plot (Figure 2) and clustered heat

map analysis (Figure 3). The analysis results of these two datasets

were intersected using the Venn Diagram package to obtain a

total of 199 DEGs (Figure 4A). The 199 DEGs had 192

upregulated genes in GSE93272, seven downregulated genes in

GSE33341, 188 upregulated genes in GSE33341, and 11

downregulated genes in GSE33341. The distribution of the 199

DEGs in the microarray datasets GSE93272 and GSE33341,

respectively, can be seen using the clustered heat map

(Figures 4B,C).
Functional enrichment analyses of DEGs

The GO and KEGG methods were used to explore the

functional correlation between the 199 DEGs sets of RA and

SAB. From the GO analysis, it is clear that BP is mainly

manifested in immune system process, immune response,

defense response, immune effector process, innate immune

response, response to biotic stimulus, response to other

organisms, response to external biotic stimulus, defense

response to other organism, and response to a virus

(Figure 5A). CC is mainly enriched in the cytosol and

cytosolic part (Figure 5B). MF mainly manifests in

oxidoreductase activity, cytochrome-oxidase activity,

pantetheine hydrolase activity, and immunoglobulin receptor

activity (Figure 5C). The KEGG analysis shows the main

enrichment in the NOD-like receptor signaling pathway,

influenza A, oxidative phosphorylation, Epstein–Barr virus

infection, and cytosolic DNA-sensing pathway (Figure 5D).

From the ClueGO analysis, it can be visualized that the main

enrichment is in the following pathways. First, regulation of

innate immune responses includes IFN-I production, regulation

of IFN-I production, regulation of IFN-I–mediated signaling

pathway, IFN-I signaling pathway, IFN-a/b production,
TABLE 2 SARS-CoV-2–associated genes in the relevant reference.

Reference Tissue (Homo sapiens) Experiment
type

Gene ID

Ziegler et al.,
2020 (97)

Nasal polyps, lung lobe,
ethmoid sinus surgical tissue,
ileum

Array STAT1,IFI6,IFNAR1, IFNGR2,GBP2,IFITM1,TRIM27, NT5DC1, ARL6IP1,TMPRSS2, ACE2, TRIM28,
APOA1, FABP6, ENPEP, FI35, XAF1

Jain et al.,
2020 (98)

Nasopharyngeal swabs Array IFI44,IFIT1,IFIT1B, IFIH1,IL6, IL10, IL11, IL19, IL3RA,IL21RA,IL18R1,CXCL5, CXCL12, CCL2, CCL4,
CXCL10,CSF2, TNFSF11, TNFRSF11B, BMP2, BMP7, PDGFA,C4BPA, CCR6, CCR22,
CCR25, SERPINE1, SERPINF2

Xiong et al.,
2020 (99)

Peripheral blood
mononuclear cells,
bronchoalveolar lavage fluid

Array CXCL1, CXCL2, CXCL6, CXCL8,CXCL10, CXCL10/IP-10,CCL2/MCP-1,CCL3/MIP-1A, CCL4/MIP1B,
IL 33, IL18, IL10,TNFSF10, TIMP1, C5, AREG, NRG1, ADA2, HK1, GAT1,PGD, PLA2G15, CTSD,
GAA, LAIR1
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BA

FIGURE 2

DEGs identification. (A) Gray dots represent genes not substantially differently expressed in RA and HC groups (P > 0.05), red triangles represent
upregulated genes (P < 0.05), and green triangles represent downregulated genes (P < 0.05) in the GSE93272 dataset. (B) Gray dots represent
genes not substantially differently expressed in S. aureus and HC groups (P > 0.05), red triangles represent upregulated genes (P < 0.05), and
green triangles represent downregulated genes (P < 0.05) in the GSE33341 dataset.
FIGURE 1

The schematic block diagram of the entire workflow of this study.
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regulation IFN-a/b production, negative regulation of immune

response, and negative regulation of innate immune response.

Second, controlling viral infections involves regulating the viral

replication process and immune, cellular, and defensive

responses to a virus (Figure 5E).
PPI network, machine learning, and the
identification of top 10 hub genes

PPI network data based on the STRING database were

processed using Cytoscape software to further investigate the
Frontiers in Immunology 07
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pathogenesis between RA and SAB. The results show that this

PPI network has 184 nodes, 750 edges, an average node degree of

8.15, and an average local clustering coefficient of 0.461. The k-

means cluster analysis graph based on the unsupervised machine

learning algorithm of the PPI network can be seen: the green

hexagon in the lower right corner is exactly the top 10 hub genes

derived using the CytoHubba analysis method (Figure 6A). We

then identified the top 10 genes in the enrichment ranking by the

MCC algorithm of the CytoHubba package in Cytoscape

software: RSAD2, IFIT3, GBP1, RTP4, IFI44, OAS1, IFI44L,

ISG15, HERC5, and IFIT5 (Figure 6B), consistent with the PPI

network using a k-means clustering algorithm to obtain the
B

A

FIGURE 3

DEG distribution. (A) The clustering heat map shows the DEGs in the GSE93272 dataset. The RA group’s samples are colored blue, whereas the
HC group’s samples are colored red. Red rectangles indicate elevated genes (P < 0.05), whereas blue rectangles indicate downregulated genes
(P < 0.05). (B) The clustering heat map shows the intersection of DEGs in the GSE33341 dataset. The SA group’s samples are colored blue,
whereas the HC group’s samples are colored red. Red rectangles indicate elevated genes (P < 0.05), whereas blue rectangles indicate
downregulated genes (P < 0.05).
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same results. Tables 3, 4 give information about the top 10 hub

genes in the GSE93272 and GSE33341 datasets, respectively.

Functional enrichment analyses of the
top 10 hub genes

The top 10 hub genes were analyzed by the Metascape

platform with the following findings. First, pathway and
Frontiers in Immunology 08
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process enrichment analysis is mainly enriched in response to

a virus, defense response to a virus, interferon (IFN) signaling,

non-genomic actions of 1,25-dihydroxy vitamin D3, and cellular

response to cytokine stimulus (Figure 7A). Second, DisGeNET13

was mainly enriched in influenza A, bacterial infections,

rhinovirus infections, and hepatitis C (chronic) (Figure 7B).

Further network connection diagrams are used to visualize the

connections between the pathways (Figure 7C). Finally,
B C

A

FIGURE 4

Common DEG screening. (A) Venn diagram on GSE93272 DEGs and GSE33341 DEGs. (B) Clustered heat map of common DEGs belonging to
the RA group. (C) Clustered heat map of common DEGs in the SA group, with the RA/SA group colored blue and the HC group colored red.
Red rectangles indicate elevated genes (P < 0.05), whereas blue rectangles indicate downregulated genes (P < 0.05).
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B C

D E

A

FIGURE 5

Functional enrichment analysis: GO, KEGG, and ClueGO analysis of DEGs. (A) BP gene enrichment of DEGs. (B) CC gene enrichment of DEGs.
(C) MF gene enrichment of DEGs. (D) Analysis of DEGs using KEGG. (E) Analysis of DEGs using ClueGO.
BA

FIGURE 6

PPI interworking networks. (A) PPI network with 184 nodes and 750 edges. The green hexagon in the lower right corner is the top 10 hub genes
derived using the CytoHubba analysis method. (B) Analysis of the top 10 hub genes with CytoHubba of Cytoscape.
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GeneMANIA was used to visualize the link between the 10 core

genes and the most closely related genes (Figure 7D).
Identification of the hub genes between
RA, COVID-19, and SAB and functional
enrichment analysis

The genes associated with SARS-CoV-2 were selected from

the Genecard database and related literature, and 5,103 genes

were obtained after summarizing and removing duplicate data.

The top 10 hub genes intersected with the SARS-CoV-2 gene set

with five genes: IFI44, OAS1, IFI44L, ISG15, and HERC5

(Figure 8A). The expression of these five genes in the

GSE93272 and GSE33341 datasets was analyzed using split-

face violin plots, and it can be seen that the expression of all five

genes in the RA and SAB datasets was significantly higher than

that in the control group (P < 0.01) (Figures 8B, C). The

functional enrichment analysis results using the Metascape

platform are as follows. First, pathway and process enrichment

analysis is mainly enriched in response to a virus, defense

response to a virus, and response to a bacterium (Figure 9A).
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Second, DisGeNET13 was mainly enriched in bacterial infections

(Figure 9B). Further network connection diagrams are utilized to

more precisely depict the links between the channels

(Figure 9C). Finally, GeneMANIA was utilized to illustrate the

relationship between the five hub genes and their closest

relatives (Figure 9D).
Analyses of the network of TF-hub genes
and miRNA-hub genes

The TF of five hub genes was predicted using the ENCODE

database and the NetworkAnalyst web tool. The miRNAs of five

hub genes were analyzed using the miRTarBase v8.0 package and

the TarBase v8.0 package of the NetworkAnalyst web tool to

build the networks of TF-hub genes and miRNA-hub genes,

respectively. The TF-hub gene network includes three seeds, 81

edges, and 81 nodes (Figure 10A), and the simplified minimum

network includes three seeds, four edges, and five nodes

(Figure 10B). YY1 has the potential to regulate ISG15 and

IFI44, and SIN3A and ZNF580 have the potential to regulate

ISG15 and HERC5. The network structure of miRNA-hub genes

analyzed using the miRTarBase v8.0 package includes four seeds,

26 edges, and 26 nodes (Figure 10C). The simplified minimum

network includes four seeds, six edges, and six nodes

(Figure 10D). The network structure of miRNA-hub genes

analyzed by the TarBase v8.0 package includes five seeds, 188

edges, and 94 nodes (Figure 10E). The simplified minimum

network includes five seeds, 16 edges, and 10 nodes (Figure 10F).

The intersection of these two miRNA-hub gene networks could

reveal that hsa-mir-1-3p and hsa-mir-146a-5p may play an

important role in the expression of IFI44.
Validation of hub genes

To improve the reliability and reproducibility of the results,

we used the datasets GSE17755, GSE55235, and GSE13670 for
TABLE 3 Information of the top 10 hub genes in GSE93272.

Gene ID AveExpr Log2FC(b) P-Value

IFI44L 8.904949446 0.918840944 1.35 × 10−4

ISG15 10.63569449 0.665205667 1.02 × 10−4

OAS1 8.99533725 0.593634568 5.15 × 10−5

RSAD2 9.132164541 1.008119022 4.29 × 10−5

GBP1 8.752490808 0.489189707 2.69 × 10−5

HERC5 9.587406065 0.69666656 1.19 × 10−5

IFI44 7.849963939 1.017400799 1.66 × 10−6

RTP4 7.814543847 0.590690331 3.71 × 10−7

IFIT3 10.88045227 0.681499851 3.43 × 10−7

IFIT5 8.712338631 0.698362888 1.02 × 10−10
TABLE 4 SARS-CoV-2-associated genes in the relevant reference.

Reference Tissue(Homo sapiens) Experiment
type

Gene ID

Ziegler et al., 2020
(97)

Nasal polyps,Lung lobe,ethmoid sinus surgical tissue, Ileum Array STAT1,IFI6,IFNAR1, IFNGR2,GBP2,IFITM1,TRIM27,
NT5DC1, ARL6IP1,TMPRSS2, ACE2, TRIM28, APOA1,

FABP6, ENPEP, FI35, XAF1

Jain et al., 2020 (98) Nasopharyngeal swabs Array IFI44,IFIT1,IFIT1B, IFIH1,IL6, IL10, IL11, IL19,
IL3RA,IL21RA,IL18R1,CXCL5, CXCL12, CCL2, CCL4,
CXCL10,CSF2, TNFSF11, TNFRSF11B, BMP2, BMP7,
PDGFA,C4BPA, CCR6, CCR22, CCR25, SERPINE1,

SERPINF2

Xiong et al., 2020
(99)

Peripheral blood mononuclear cells,Bronchoalveolar lavage
fluid

Array CXCL1, CXCL2, CXCL6, CXCL8,CXCL10, CXCL10/IP-
10,CCL2/MCP-1,CCL3/MIP-1A, CCL4/MIP1B,IL

33, IL18, IL10,TNFSF10, TIMP1, C5, AREG, NRG1, ADA2,
HK1, GAT1,PGD, PLA2G15, CTSD, GAA, LAIR1
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validation. A total of 669 DEGs were obtained from the

GSE17755 dataset, of which 471 were upregulated genes and

198 were downregulated genes. In addition, 2,230 DEGs were

obtained from the GSE55235 dataset, of which 1,279 were

upregulated genes and 951 were downregulated genes. A total

of 3063 DEGs were obtained from the GSE13670 dataset, of

which 1,100 upregulated genes and 1,963 downregulated genes

were used. The distribution of DEGs in these three datasets was

visualized using a volcano map, respectively (Figures 11A–C).

The Venn diagram of five hub genes with the three validation

sets of DEGs shows that IFI44 is the only intersection result

(Figure 11D). IFI44 was highly expressed in all three validation

sets (P < 0.01) (Figures 12A–C). Finally, the diagnostic validity

of IFI44 as a biomarker was verified by ROC curves, which

showed that the AUC values of IFI44 on the datasets GSE17755,

GSE55235, and GSE13670 were 0.96 (95% CI, 0.95–0.96), 0.90

(95% CI, 0.77–1.00), and 0.79 (95% CI, 0.59–0.98). All had high

sensitivity and high specificity (Figures 12D–F).
Immune infiltration analysis

We mapped 22 immune cell proportions in RA samples

using CIBERSORT (Figure 13A) and then analyzed the

differences in immune cell infiltration between RA and HC
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using box plots (Figure 13B). The results indicated that RA

enriched four types of immune cells: B-cell memory, T-cell

gamma delta, activated dendritic cells (DCs), and neutrophils

(P < 0.05). Further correlation matrix analysis revealed that

activated DCs were positively correlated with B-cell memory and

T-cell gamma delta and negatively correlated with neutrophils

(P < 0.05) (Figure 13C). Finally, we revealed the relationship

between the expression of IFI44 and the abundance of immune

cells in RA by Pearson’s correlation coefficient analysis

(Figure 13D), which showed that only activated DCs were

closely and positively correlated with IFI44 (R = 0.68, P =

3.7e-39), and activated DCs were highly enriched in RA. Thus,

IFI44 may be involved in RA progression by regulating immune

cell infiltration, and activated DCs may play an important role in

this regard.
Discussion

In this study, a total of 199 DEGs were obtained using a

dataset of whole blood samples from RA and SAB (GSE93272

and GSE33341), and they were found to be closely associated

with positive/negative regulation of the immune system and

regulation of the IFN-I (IFN-a/b) pathway and related pathways
of the immune system response to a virus by KEGG, GO, and
B

C

A D

FIGURE 7

Functional enrichment analysis: Metascape and GeneMANIA of top 10 hub genes. (A) Pathway and process richness analysis of the Metascape
platform. (B) Summary of enrichment analysis of DisGeNET 13 on Metascape platform. (C) The network is visualized using Cytoscape 5, colored
by cluster IDs, and nodes sharing the same cluster ID are usually close to each other. (D) The gene–gene interaction network of the top 10 hub
genes with the 20 most adjacent genes was analyzed using the GeneMANIA database. Each node represents a gene. The color of the linkage of
the nodes represents the linkage between the corresponding genes.
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ClueGO analyses. Ten hub genes were obtained using the PPI

network and Cytoscape platform: RSAD2, IFIT3, GBP1, RTP4,

IFI44, OAS1, IFI44L, ISG15, HERC5, and IFIT5, which were

analyzed by Metascape platform and found to be associated with

IFN signaling regulation and immune system response to viral

infection and bacterial infection and were closely related. Five

hub genes shared by RA, COVID-19, and SAB were IFI44,

OAS1, IFI44L, ISG15, and HERC5, and they were found to be

closely associated with the immune system response to viral

infection and bacterial infection using Metascape analysis. TF-

hub gene network and miRNA-hub gene network was

constructed for these five hub genes, and one important TF

(YY1) and two important miRNAs (hsa-mir-1-3p and hsa-mir-

146a-5p) associated with IFI44 were obtained. To verify the

reliability and comprehensiveness of the results, not only whole

blood samples from RA (GSE17755) but also synovial tissue

samples from RA (GSE55235) and blood samples from

S. aureus-infected human mononuclear cells (GSE13670) were

used to validate a core gene, which was obtained as IFI44. IFI44

was highly expressed in all five datasets, and its test efficacy was

verified using ROC. Immune infiltration analysis reveals that the
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immune cells closely associated with IFI44 are activated DCs,

which may play a significant connection between RA, SARS-

CoV-2, and S. aureus infection. The pathway enrichment

analysis revealed that 1,25-dihydroxy vitamin D3 might be an

effective therapeutic agent for RA’s SARS-CoV-2 and S.

aureus infections.
Association of this study with The IFN-
ISG pathways

IFNs are a family of cytokines having pleiotropic effects in

humans (103, 104)—first recognized by Isaacs and Lindenmann

in 1957 (105, 106) and characterized as antiviral inhibitors (107,

108). After more than 50 years of research by biologists, it was

discovered that IFN is an essential regulator of the body’s

immune system (109), which plays a crucial role not only in

viral infections (110–112) but also in bacterial infections (113,

114) and autoimmune illnesses (115, 116). There are three types

of IFNs: IFN-I (IFN-a, b, ϵ, k, and w), IFN-II (IFN-g), and IFN-
B C

A

FIGURE 8

Identification of the hub gene between RA, COVID-19, and SAB. (A) Venn diagram of the top 10 hub genes and the SARS-CoV-2 gene set.
(B, C) The expression of IFI44, OAS1, IFI44L, ISG15, and HERC5 in the GSE93272 and GSE33341 datasets was analyzed using split-face violin
plots. Red indicates the RA group, yellow indicates the S. aureus group, and blue indicates the HC group.
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III (IFN-l), with IFN signaling through the Janus kinase (JAK)/

STAT pathway (117).

Pattern recognition receptors (PRRs) recognize pathogen-

associated molecular patterns (PAMPs) (118–120) and can

activate transcription factors like IRF-3 and IRF-7, as well as

the NF-kB pathway of B cells (121–124). NOD-like receptors are

among the important PRRs that initiate the IFN pathway. TBK-1

and IKKϵ phosphorylate IRF-3 and IRF-7 to stimulate the

transcription of IFN and proinflammatory genes (125, 126),

with STING serving as the upstream signaling molecule that

recruits TBK-1 and IKK (127). cGAS is an important cytosolic

DNA sensing that can induce IFN formation by generating the

cGAMP pathway that activates STING to form the cGAS-

STING pathway (128–130). Activation of the cGAS-STING

pathway is a double-edged sword that plays not only a crucial

function in fighting viruses (131, 132) and bacteria (133, 134)

but also an aberrant activation of cGAS by its DNA, which can

provoke autoimmune disorders (135). The NOD-like receptor

signaling pathway, oxidative phosphorylation, and cytosolic

DNA sensing in the KEGG pathway of the intersecting genes

of RA and SAB in this study are reflected in the IFN pathway. In

cells that are not activated by the signal, NF-kB is prevented in

the cytoplasm by IkBs, and only when IkBs are phosphorylated
and hydrolyzed by proteases does NF-kB migrate to the nucleus

to induce the production of IFN and proinflammatory genes
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(136, 137). IKK is responsible for the phosphorylation of IkBs,
and it consists of two kinase subunits (IKKa and IKKb) and one
regulatory subunit (IKKg) (138, 139). Notably, FKBP5 activates

IKKϵ (140), interacts with the three subunits of IKK, and

promotes IKK synthesis, leading to phosphorylation of IkBs,
activation of NF-kB, and its migration into the nucleus, which

eventually initiates the IFN signaling pathway (141, 142).

The receptor that binds IFN-I is composed of IFNAR1 and

IFNAR2 subunits (143–145), whereas the receptor that binds

IFN-III is composed of IFNLR1 and IL-10R subunits (146–148).

By interacting with the receptor, IFN activates JAK1 and

tyrosine kinase 2 (TYK2) (149–151). Activated JAK1 and

TYK2 phosphorylate and activate STAT1 and STAT2 (152–

154), whereas active STAT1 and STAT2 recruit and bind IRF-9

to form ISGF3 (155, 156). The ISGF3 complex can move from

the cytoplasm to the nucleus and bind to the ISRE region in the

ISG promoter, thereby beginning ISG transcription (143, 157,

158). ISGs influence cell activation and death in addition to viral

aspects (159), and the antiviral, antiproliferative, and

immunological stress actions of ISGs allow cells and organisms

to survive (160). Although IFN-I and IFN-III produce ISGs

through the same mechanism, the IFN-I pathway can induce

ISG expression earlier, more swiftly, and more efficiently (157,

161), and IFN-I has been the subject of most studies, triggering

the production of more than 300 ISGs (162). In this study,
B
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FIGURE 9

Functional enrichment analysis: Metascape and GeneMANIA of five hub genes. (A) Pathway and process richness analysis of the Metascape
platform. (B) Summary of enrichment analysis of DisGeNET 13 on Metascape platform. (C) The network is visualized using Cytoscape 5, colored
by cluster IDs, and nodes sharing the same cluster ID are usually close to each other. (D) The gene–gene interaction network of the five hub
genes with the 20 most adjacent genes was analyzed using the GeneMANIA database. Each node represents a gene. The color of the linkage of
the nodes represents the linkage between the corresponding genes.
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FIGURE 10

Construction of TF-hub gene and miRNA-hub gene network using NetworkAnalyst. (A, B) TF-hub gene network and simplified diagram. Red
circles are genes, and yellow squares are TF. (C, D) miRNA-hub gene network (miRTarBase v8.0) and simplified diagram. (E, F) miRNA-hub gene
network (TarBase v8.0) and simplified diagram. Circles are genes, and squares are miRNAs.
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FIGURE 11

Screening for key genes. (A, B) Gray dots represent genes not substantially differently expressed in RA and HC groups (P > 0.05), red triangles
represent upregulated genes (P < 0.05), and green triangles represent downregulated genes (P < 0.05) in GSE17755 and GSE55235 datasets.
(C) Gray dots represent genes not substantially differently expressed in S. aureus and HC groups (P > 0.05), red triangles represent upregulated
genes (P < 0.05), and green triangles represent downregulated genes (P < 0.05) in the GSE13670 dataset. (D) The Venn diagram of five hub
genes with the three validation sets of DEGs.
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FIGURE 12

Validation of key genes. (A–C) The expression of IFI44 in GSE17755, GSE55235, and GSE13670. Red for RA/S. aureus group, and cyan for HC
group. (D–F) The AUC of the ROC curve verifies the diagnostic validity of IFI44 in GSE17755, GSE55235, and GSE13670 (P < 0.05).
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ClueGO was used to analyze the intersectional gene enrichment

pathways of RA and SAB in IFN-I production, regulation of

IFN-I production, regulation of IFN-I–mediated signaling

pathway, IFN-I signaling pathway, IFN-a/b production,

regulation IFN-a/b production, negative regulation of immune

response, negative regulation of innate immune response,

regulation of viral replication process, response to a virus,
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defense response to viruses, and cellular response to a virus,

which is reflected in the IFN-I pathway.

IFN, ISG, and IFI44 in RA

On the basis of the findings of this study, a portion of the

route of the top 10 hub genes of RA and SAB was enriched in
B
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A

FIGURE 13

Analysis of immune cell infiltration. (A) A histogram of the proportion of LM22 in RA samples is depicted using the CIBERSORT algorithm, with
the horizontal coordinate representing the sample and the vertical coordinate representing the percentage of individual immune cells. (B)
Comparison of immune infiltrating cells between the RA and HC groups; red represents RA and cyan represents HC. (C) Correlation matrix
between immune cells within the RA group. The horizontal and vertical coordinates are LM22, with red representing positive correlations and
blue representing negative correlations (*P < 0.05, ** P < 0.01, and *** P < 0.001). (D) Correlation analysis between the expression of IFI44 and
LM22.
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IFN signaling and cellular response to cytokine stimulus;

therefore, the association between RA and the IFN signaling

pathway piqued our interest. Studies have shown that enhanced

autoimmune responses can be detected in the presence of disease

treated with IFN-a (163) and that 34% of patients have elevated

rheumatoid factors (164), and that IFN-a treatment can

contribute to the progression of RA (165, 166). In addition,

the use of IFN-b1 in the treatment of MS promotes the

development of RA (167). In contrast, TNF, a key driver of

RA, enhances mtDNA release and initiates a cGAS/STING-

dependent IFN response in inflammatory arthritis (168), and

prolonged TNF therapy induces the creation of high quantities

of IFN-I via a mechanism that stimulates IRF1 and IRF3 (169,

170). It has also been shown that significant amounts of IFN-I

can be discovered in the peripheral blood of both patients with

preclinical and clinical RA (115) and the synovial fluid of

patients with RA (171). In reality, it dates back to 1979, when

it was discovered that IFN levels were elevated in individuals

with AID and positively linked with the disease’s activity (172).

The possible reason for this is that PAMPs are recognized by

PRRs that produce IFN-I. These PRRs include TLR, RLR, and

cGAS receptors that can sense nucleic acids (173, 174).

Interestingly, these PRRs can recognize viral nucleic acids

and their nucleic acids to trigger AID (175). RA is one of the

most common AIDs, and IFN-I plays an important role in

contributing to the development of RA (115, 176). Furthermore,

IFN-I can be used as an RA biomarker and a predictor of disease

progression in patients with RA (177). Recent investigations

have identified a significant expression of IFN-I–induced ISGs in

the peripheral blood of patients with RA (176), and this elevated

expression of ISGs induced by the IFN-I signaling pathway is

referred to as the IFN signature of RA (178). In peripheral blood

(179, 180) and synovial fluid of patients with RA (171, 176),

elevated amounts of ISGs were found. Although patients with

RA correlate unequally with IFN-I and ISGs (181), IFN-I and

ISGs play a role in RA susceptibility (177), and thus, IFN and

ISGs are considered biomarkers and disease targets for RA (179,

182, 183).

In combating pathogenic infections, many ISGs act directly

on the signaling pathways of the pathogen’s life cycle to inhibit

its proliferation (158, 184). However, in RA, the excessive innate

immune response and signaling dysregulation produce large

amounts of IFNs that damage the organism (185). IFN

desensitization is, therefore, of particular importance (158).

The first aspect is cell intrinsic, which reduces signaling by

blocking the JAK-STAT pathway via endocytosis and turnover

of IFN receptors (186–189). The second aspect is that, during the

immune response, some ISGs function as negative feedback

regulators to maintain cellular homeostasis (158, 190, 191),

and some ISGs can act as inhibitory proteins to reduce IFN

pathway transduction (192). Common ISGs with negative
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regulatory functions include SOCS and USP18. Increased

SOCS protein levels decrease the sensitivity of the JAK-STAT

system, whose mechanism of action is to suppress JAK activity

by binding to IFN receptors and tyrosine residues on JAK, thus

preventing STAT-1 activation (193). By binding to the IFN-I

receptor, USP18 can also prevent JAK activation and induce

IFN-I desensitization (194). In addition, it was reported for the

first time in 2019 that IFI44 also functions as a negative regulator

of the IFN signaling pathway and that IFN-a treatment induces

high expression of IFI44 (195) and also triggers the development

of RA (196), which corresponds to our study’s finding of high

expression of IFI44 in patients with RA.

IFI44 is one of the IFN-I–induced ISGs (197, 198), which

was initially found in hepatitis C virus–associated microtubule

aggregation protein isolation (199). Therefore, we also observed

hepatitis C (chronic) pathway enrichment in the top 10 hub

genes of RA versus SAB. IFI44, with the assistance of FKBP5, is

capable of exhibiting the two actions listed below. First, IFI44

significantly decreases the kinase activity of IKKb, which inhibits
the phosphorylation of IkBs, which, in turn, limits NF-kB
activation and restricts its migration into the nucleus (200).

Second, IFI44 can reduce the kinase activity of IKKϵ, resulting in
the inhibition of IRF-3 phosphorylation (125), the restriction of

STAT1 phosphorylation, and the reduction of ISG production

(153). The reason for the high expression of IFI44 in patients

with RA is that the high expression of IFNs and ISGs in patients

with RA leads to an increase in the expression of IFI44 as an ISG,

and it is the negative feedback regulation of IFI44 that makes its

expression significantly higher than that of the healthy

population. In the results of this study, a portion of the

pathways of the top 10 hub genes of RA and SAB were

enriched in immune responses to viral and bacterial infections.

A portion of the pathways of the top five hub genes of RA, SAB,

and COVID-19 was also enriched in immune responses to viral

and bacterial infections. Therefore, we followed this thought

regarding the IFN pathway and continued exploring the

relationship between RA, SAB, and COVID-19.
Crosstalk between RA and SAB in terms
of IFN, ISG, and IFI44

The average life expectancy of the RA population is reported

to be shortened by 8 to 15 years, with infections, cardiovascular

disease, and kidney disease being the three leading reasons (201–

203). S. aureus seems inseparable from the topic of infection in

patients with RA, as studies from the 1950s indicate that patients

with RA are at a significantly increased risk of infection with S.

aureus (201) and that invasion of patients with RA by S. aureus

can result in severe deep bone and joint infections, as well as

high rates of disability and mortality (47, 204). IFN-I has a
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crucial role in bacterial invasion of the host (205, 206), which can

be both useful and damaging to the organism (207, 208),

depending on the type of invading bacteria and the organism’s

regulatory mechanisms (113, 209). IFN-I generated by S. aureus

exacerbates the recruitment of leukocytes and the release of

inflammatory cytokines, with detrimental effects on the

organism (210–212). Because RA is an autoimmune disease

capable of producing large levels of cytokines such as IFNs

and ISGs, the relationship between RA and SAB via the IFN-I

pathway can be described as follows.

On the one hand, the following points are of interest from

the perspective of IFN-I–positive signaling. First, the TLR9

receptor identifies the DNA of S. aureus, causing DCs to

produce IFN-I (213). Second, S. aureus detects TLR9-IRF1 via

the Xr domain of SpA to activate the JAK-STAT pathway and

NF-kB signaling pathway, resulting in the production of

inflammatory cytokines such as TNF and IL-6, which promote

inflammation and contribute to the progression of RA (211).

Third, the autolysis process of S. aureus that produces

peptidoglycan, among others, activates the NOD2/IRF5

pathway of DCs to mediate the IFN-I pathway, which

enhances the virulence of S. aureus in the host to increase

bacterial pathogenicity and also over-recruits neutrophils to

promote inflammatory responses (210). Therefore, when

patients with RA are infected with S. aureus, it leads to a

severe proinflammatory response, probably because the

superposition of the two proinflammatory mechanisms leads

to an excessive inflammatory response and a severe imbalance in

the immune system, followed by a collapse of the immune

system, leading to a decrease in the body’s defenses and

further aggravating the S. aureus infection, thus creating a

vicious circle. On the other hand, examining the issue from

the standpoint of ISGs with a negative feedback regulatory effect

on the IFN-I pathway yields the following conclusions. First,

SOCS has a pro-bacterial effect because it makes it easier for S.

aureus to invade an organism’s defenses (214). SOCS not only

inhibits the MYD88 molecule in macrophages to affect their

antimicrobial effect (215, 216) but also inhibits the NF-kB
pathway to reduce TNF release to act as an inhibitor of

inflammation, thereby causing problems for host clearance of

S. aureus (217), and an increase in phagocytosis and killing of S.

aureus by the organism is observed when SOCS is inhibited

(214). Second, USP18 can boost the susceptibility of S. aureus by

negatively regulating the IFN-I pathway to reduce TNF-a
signaling, and inhibition of USP18 can improve the body’s

bacterial infection status (218).

SOCS and USP18 proteins have been reported to promote

bacterial infection, whereas few IFI44 proteins have been

studied. In our study, IFI44 was found to be a key crosstalk

gene between RA and SAB, and IFI44 is also an IFN-I–negative

regulator, which can give a decrease in antimicrobial
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inflammatory factors by negatively regulating the NF-kB
pathway and can also inhibit STAT1 activation from blocking

the production of IFN-I and ISGs (195). Thus, IFI44 may also

potentially promote RA susceptibility to S. aureus. Many studies

have suggested that the IFN-I pathway acts as a paradoxical

immune response during bacterial infection of the host (218),

which may be due to the different focus of the IFN-I pathway on

the different stages of bacterial infection. The high expression of

IFI44 protein in patients with early RA facilitates further

invasion of the organism by S. aureus, which is one of the

reasons for S. aureus susceptibility, and the vicious cycle of

immune imbalance in the organism resulting from the excessive

IFN-I cascade response prompted by late RA and S. aureus

stimulation is one of the reasons for the poor prognosis and high

mortality. We, therefore, suggest that the negative regulation of

the IFN-I pathway by IFI44 expression may be one of the

mechanisms of immune escape from S. aureus. However, most

of the functions of IFI44 are unknown, and further investigation

of its mechanisms in bacterial infection is a direction of interest.
Crosstalk between RA, COVID-19, and
SAB in terms of IFN, ISG, and IFI44

The coronavirus class is typically characterized by pandemic

transmission and high pathogenicity; SARS-COV-2 is the ninth

coronavirus identified as a severe threat to human health in 2019

(219–221). SARS-COV-2 is an enveloped virus of the genus

Betacoronavirus with a positive-stranded single-stranded RNA

genome of 26–32 kb in length (222–225). A virus is divided into

four genera: a-, b-, d-, and g-CoV, characterized by high

mutation rates and diverse recombination rates (226–229), and

from 2019 to November 2021, the World Health Organization

(WHO) has published Alpha (B.1.1.7), Beta (B.1.351), Gamma

(P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) for a total of

five variants of concern (VOCs) (230). RA is associated with

COVID-19 in the following points. On the one hand, SARS-

CoV-2 can overstimulate the body’s immune system and has the

potential for antigenic cross-reactivity with the body to trigger

the creation of autoantibodies (58, 60, 62). Thus, SARS-CoV-2

infection is considered a trigger for autoimmune disease and

results in a worse prognosis (231–235). On the other hand,

studies indicate that patients with rheumatic disorders are at a

larger risk of SARS-COV-2 infection than the general

population, with a worse prognosis and increased mortality

(236, 237). In the COVID-19 Global Rheumatology Alliance

(C19-GRA) Global Registry and other studies, the most

common rheumatic disease among patients with COVID-19

was RA (238–241). Therefore, we prefer to propose that SARS-

CoV-2 infection triggers the progression of RA, that patients

with RA are more susceptible to SARS-CoV-2 infection, and that
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1013322
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zheng et al. 10.3389/fimmu.2022.1013322
the crosstalk between the two results in a vicious cycle of mutual

disease progression that increases the risk of hospitalization and

death (242–244), and that the crosstalk mechanism cannot be

separated from the immune system and related inflammatory

pathways (245).

In addition, COVID-19 combined/secondary S. aureus

infection results in a considerable increase in mortality (246)

primarily due to the following factors. First, patients with

COVID-19 on admission had fewer coinfections with bacteria

(3.5%) due to preventive administration of antibiotics, the most

prevalent of which was S. aureus (81, 247–250). Second, in literature

comprising 10 studies, a total of 132 bacterial species were reported

as coinfections/secondary infections in patients with COVID-19

after admission, with S. aureus being the most common (n =

41.31%) (251). Third, according to a French study, 28% of critically

ill COVID-19 patients admitted to the ICU had coinfections with

bacteria, primarily S. aureus (252). We list a portion of the relevant

literatures between RA, SAB, and COVID-19 (Table 5). In another

bioinformatics investigation, S. aureus infection was shown to be

the second highest in the KEGG analysis pathway enrichment order

table for RA and COVID-19 (253), a result that was confirmed in

our work, suggesting that there may be a connection between the

IFN-I pathway in RA, COVID-19, and SAB.

IFN-I is among the most effective cytokines secreted by the

organism against SARS-CoV-2 (254, 255). However, it is not

always protective for the organism. In the late stage of COVID-

19, the continual strong expression of IFN-I causes

inflammatory damage to the immune system and many

organs, increasing the organism’s burden (256–258). It is

undeniable that the IFN-I pathway had an important role in

antagonizing the early stages of COVID-19 infection by

secreting ISGs during the SARS-CoV-2 invasion (259, 260).

However, the ISGs are not the only antiviral factors. Although

most ISGs encode proteins capable of inhibiting different stages

of the SARS-CoV-2 replication cycle (143, 261, 262), a few ISGs,

including SOCS, USP18, and IFI44, can promote viral infection
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of the host (263–268). It was shown that silencing of IFI44

inhibits viral replication and overexpression of IFI44 promotes

viral production due to negative regulation of the IFN-I pathway

by IFI44 (195). Viruses mentioned in this study are not limited

to SeV, LCMV, VSV, and IAV. Therefore, we suggest that the

negative regulation of the IFN-I pathway by the expression of

IFI44 may be one of the mechanisms of SARS-CoV-2

immune escape.

High expression of IFN-a in RA contributed to elevated

levels of IFI44, promoted viral replication during the early stages

of SARS-CoV-2 invasion, and increased susceptibility of S.

aureus. Therefore, IFI44 may be an important target for the

immune escape of SARS-CoV-2 and S. aureus infection in RA.

Of course, we still need basic experiments and clinical trials to

validate the results of our bioinformatics analysis.
1,25(OH)2VD3 may be an effective
therapeutic agent in treating RA with
SARS-CoV-2 and S. aureus infections

Finally, we also found that part of the pathway of the top 10

hub genes of RA and SAB was enriched in non-genomic actions

of 1,25-dihydroxy vitamin D3 and that IFI44 was positively

correlated with DCs in an immune infiltration correlation

analysis in RA. We put 1,25(OH)2VD3 in series with RA, S.

aureus infection, COVID-19, IFI44, and DCs (Figure 14). First,

in RA, 1,25(OH)2VD3 insufficiency is commonly reported

among patients with RA (269–271). In a meta-analysis of 24

studies, 1,25(OH)2VD3 was found to be inversely linked with RA

disease activity (272), and the degree of deficiency was utilized as

an indication of RA progression (273). Second, in SAB, 1,25

(OH)2VD3 was able to prevent the invasion of S. aureus by

boosting the expression of mature macrophages, upregulating

macrophage complement receptor immunoglobulin (CRIg), and

encouraging macrophage phagocytosis (274, 275). Studies have
TABLE 5 Literature related to coinfection between RA, SAB, and COVID-19.

Reference Disease Coinfection Conclusion

Dieperink et al., 2022
(31)

RA S. aureus RA is a high risk for SAB, and orthopedic implants increase the risk.

Joost et al., 2017 (47) RA S. aureus Patients with RA exhibit a complex course of SAB and high mortality, and RA causes a significantly increased
risk of leading to OAI.

Garcia-Vidal et al., 2021
(81)

COVID-
19

S. aureus Coinfection at COVID-19 diagnosis was mainly S. aureus.

Hughes et al., 2020 (82) COVID-
19

S. aureus The most common co-infecting pathogen in early COVID-19 patients is S. aureus.

Conway et al., 2022
(236)

RA SARS-CoV-2 Patients with RA have higher rates of SARS-CoV-2 infection and higher mortality.

Akiyama et al., 2021
(237)

RA SARS-CoV-2 Patients with RA are at increased risk of contracting COVID-19.
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shown that 1,25(OH)2VD3 levels are significantly lower in S.

aureus-infected populations than in non–S. aureus–infected

populations (276), and 1,25(OH)2VD3 analogs reduce the

incidence of PJI in S. aureus infections (277, 278). Third, in

COVID-19, according to a study conducted in Israel, 1,25(OH)

2VD3 levels were adversely correlated with COVID-19 (279),

and COVID-19 populations were frequently associated with

vitamin D deficiency (280–282). 1,25(OH)2VD3 insufficiency is

positively associated with the severity and complications of

COVID-19 and increases the chance of SARS-CoV-2 infection

(283–286). The main reason for this is the ability to inhibit the

cytokine storm and excessive inflammatory response in COVID-

19 (287); thus, vitamin D can play a role in the prevention (288,

289), mitigation (285, 290), and treatment (291, 292) of COVID-

19 (293). Fourth, in IFI44, the addition of 1,25(OH)2VD3 to

MDDCs in autoimmune diseases (SLE) resulted in a 34%

reduction in IFI44 expression and the concentration of 1,25

(OH)2VD3 was negatively correlated with the activity of MDDCs

in SLE (294). In our study, the expression of IFI44 was found to

be positively correlated with DCs, so 1,25(OH)2VD3 may also

have some correlation with DCs. Fifth, in DCs, it was discovered

that 1,25(OH)2VD3 and its analogs inhibited DC chemotactic

activity and IFN-a production, which decreased the expression

of ISGs (295, 296). In addition, it has also been shown that DCs
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are potential target cells of 1,25(OH)2VD3 for RA inhibition

(297). Therefore, in this study, 1,25(OH)2VD3 was found to be a

drug target through the enrichment pathway of the shared genes

of RA and SAB, and 1,25(OH)2VD3 was found to be negatively

associated with the expression of RA, COVID-19, SAB, IFI44,

and the production and chemotactic activity of IFN-a in DCs

from a new perspective.
Conclusions

In our present study, we screened the shared DEGs based on

two datasets of RA (GSE93272) and SAB (GSE33341) and

identified pathways associated with immunity and viral

infection by multi-platform functional enrichment analysis.

The following intersections were taken with the COVID-19

gene library to obtain hub genes, and functional enrichment

analysis was performed to validate the pathway linkage of hub

genes associated with RA, COVID-19, and SAB. The biomarker

and disease target shared by RA, COVID-19, and SAB were

validated and identified as IFI144 by GSE17755, GSE55235, and

GSE13670 datasets. IFI44, a negative regulator of the IFN

signaling pathway, promotes viral replication and bacterial

proliferation and is an important molecular target for SARS-
frontiersin.o
FIGURE 14

RA, SAB, and COVID-19 are often associated with vitamin D deficiency. This diagram shows that 1,25(OH)2VD3 is the common target drug for
RA, SAB, COVID-19, IFI44, and dendritic cells.
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CoV-2 and S. aureus immune escape in RA. DC activation was

positively correlated with the expression of IFI44. 1,25(OH)

2VD3 may be an important therapeutic agent in treating RA with

SARS-CoV-2 and S. aureus infections. Our research can provide

new directions for further analysis of its pathogenesis and

targeted development of clinical treatments.
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Heterogeneity of the type I interferon signature in rheumatoid arthritis: A potential
limitation for its use as a clinical biomarker. Front Immunol (2018) 8:2007.
doi: 10.3389/fimmu.2017.02007

182. van der Pouw Kraan TC, Wijbrandts CA, van Baarsen LG, Voskuyl AE,
Rustenburg F, Baggen JM, et al. Rheumatoid arthritis subtypes identified by
genomic profiling of peripheral blood cells: assignment of a type I interferon
signature in a subpopulation of patients. Ann Rheum Dis (2007) 66(8):1008–14.
doi: 10.1136/ard.2006.063412

183. Muskardin TLW, Niewold TB. Type I interferon in rheumatic diseases. Nat
Rev Rheumatol (2018) 14(4):214–28. doi: 10.1038/nrrheum.2018.31

184. Iwasaki A, Pillai PS. Innate immunity to influenza virus infection. Nat Rev
Immunol (2014) 14(5):315–28. doi: 10.1038/nri3665
Frontiers in Immunology 25
146
185. Rönnblom L. The type I interferon system in the etiopathogenesis of
autoimmune diseases. Ups J Med Sci (2011) 116(4):227–37. doi: 10.3109/
03009734.2011.624649
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Glossary

Go Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

PPI Protein-Protein Interaction

TF Transcription Factor

ROC Receiver Operating Characteristic Curve

NLR NOD-Like Receptor

RSAD2 Radical S-adenosyl Methionine Domain-containing Protein 2

IFIT3 Interferon Induced Protein with Tetratricopeptide Repeats 3

GBP1 Guanylate-Binding Protein 1

RTP4 Receptor Transporter Protein 4

IFI44 Interferon-Induced Protein 44

OAS1 2',5'-Oligoadenylate Synthetase 1

IFI44L Interferon-induced Protein 44-Like

ISG15 Interferon-stimulated Gene 15

HERC5 HECT Domain and RCC1-Like Domain-Containing Protein 5

IFIT5 Interferon-Induced Protein with tetratricopeptide repeats 5

HC Healthy Controls

NOD Nucleotide-Binding Oligomerization Domain

AUC Area Under the Curve

STAT Signal Transducer and Activator of Transcription

IRF-3 Interferon Regulatory Factor 3

NF-kB Nuclear Factor-kappa B

TBK-1 TANK-binding Kinase 1

cGAS Cyclic GMP-AMP Synthase

IkBs IkB proteins

ISGF3 Interferon-Stimulted Gene Factor 3

AID Autoimmune Disease

TLR Toll-Like Receptor

RLR RIG-I-Like Receptor

SOCS Suppressors of Cytokine Signaling

USP18 Ubiquitin-Specific Peptidase 18

SeV Sendai Virus

LCMV Lymphocytic Choriomeningitis Virus

VSV Vesicular Stomatitis Virus

IAV Influenza A Virus

SLE Systemic Lupus Erythematosus
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Herpes simplex virus type 2
inhibits TNF-a-induced NF-kB
activation through viral protein
ICP22-mediated interaction
with p65

Huimin Hu1,2, Ming Fu1,3, Chuntian Li1,2, Binman Zhang1,2,
Yuncheng Li1,2, Qinxue Hu1,4* and Mudan Zhang1*

1State Key Laboratory of Virology, Wuhan Institute of Virology, Center for Biosafety Mega-Science,
Chinese Academy of Sciences, Wuhan, China, 2Savaid Medical School, University of Chinese
Academy of Sciences, Beijing, China, 3Department of Gastroenterology, Guangzhou Women and
Children’s Medical Center, Guangzhou Medical University, Guangzhou, China, 4Institute for
Infection and Immunity, St George’s, University of London, London, United Kingdom
Herpes simplex virus type 2 (HSV-2) is a prevalent human pathogen and the main

cause of genital herpes. After initial infection, HSV-2 can establish lifelong latency

within dorsal root ganglia by evading the innate immunity of the host. NF-kB has a

crucial role in regulating cell proliferation, inflammation, apoptosis, and immune

responses. It is known that inhibition of NF-kB activation by a virus could facilitate it

to establish infection in the host. In the current study, we found that HSV-2

inhibited TNF-a-induced activation of NF-kB-responsive promoter in a dose-

dependent manner, while UV-inactivated HSV-2 did not have such capability. We

further identified the immediate early protein ICP22 of HSV-2 as a vital viral

element in inhibiting the activation of NF-kB-responsive promoter. The role of

ICP22 was confirmed in human cervical cell line HeLa and primary cervical

fibroblasts in the context of HSV-2 infection, showing that ICP22 deficient HSV-

2 largely lost the capability in suppressing NF-kB activation. HSV-2 ICP22 was

further shown to suppress the activity of TNF receptor-associated factor 2

(TRAF2)-, IkB kinase a (IKK a)-, IKK b-, IKK g-, or p65-induced activation of NF-

kB-responsive promoter. Mechanistically, HSV-2 ICP22 inhibited the

phosphorylation and nuclear translocation of p65 by directly interacting with

p65, resulting in the blockade of NF-kB activation. Furthermore, ICP22 from
Abbreviations: NF-kB, Nuclear factor kB; HIV, Human immunodeficiency virus; HSV, Herpes simplex

virus; ICP22, Infected cell protein 22; IFNs, Interferons; IRF3, IFN-regulatory factor 3; TNF-a, Tumor

necrosis factor alpha; TNFR, Tumor necrosis factor receptor; TRAF2, TNFR-associated factor 2; IKK,

Inhibitor kB (IkB) kinase complex; IKK a, IkB kinase (IKK) a; ISGs, Interferon-stimulated genes; ISGF3,

IFN-stimulated gene factor 3; RHD, Rel homology domain; NLS, Nuclear localization sequence.
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several alpha-herpesviruses could also inhibit NF-kB activation, suggesting the

significance of ICP22 in herpesvirus immune evasion. Findings in this study

highlight the importance of ICP22 in inhibiting NF-kB activation, revealing a

novel mechanism by which HSV-2 evades the host antiviral responses.
KEYWORDS

HSV-2, ICP22, NF-kB, p65, immune evasion
Introduction

HSV-2 is a large dsDNA virus, a member of the

Herpesviridae family, belonging to genus Simplexvirus. The

WHO reported that about 13% of the world’s population aged

15 to 49 years were living with HSV-2 infection in 2016 (1).

HSV-2 is mainly sexually transmitted and infects epithelial cells,

causing genital herpes (2). It also infects leukocytes and neuronal

cells (3–5), leading to encephalitis and disseminated diseases that

affect other organ systems (6, 7). After initial infection, HSV-2

can establish life-long latency in the dorsal root ganglia (8).

It is known that HSV (HSV-1/2) has evolved countermeasures

to evade the host innate immune responses. However, most of the

studies to date have been focusing on HSV-1 (9). For instance,

the UL2, UL24, UL42, RL2 and US3 of HSV-1 can interfere with

the NF-kB signaling pathway by interacting with p65 or p50, the

key component of NF-kB heterodimer (10–14), while HSV-1

UL36 suppresses NF-kB activation by cleaving the polyubiquitin

chains of IkB a, an inhibitor of NF-kB activation (15). The RL2,

RL1 and UL48 of HSV-1 suppress the production of type I

interferons (IFN) by acting on IRF3 (16, 17), whereas the UL54,

US11 and UL46 of HSV-1 act on TBK1 to block the production of

type I IFN (18–20). In addition, the RL2 and UL41 of HSV-1 were

reported to suppress the production of IFN-stimulated genes

(ISGs) by degrading IFI16 (21). So far, little is known

concerning how HSV-2 evades the host innate immune system.

We previously demonstrated that the immediate early protein

ICP22 of HSV-2 not only suppresses IFN-b production by

blocking the association of IRF-3 with IFN-b promoter (22), but

also inhibits the production of ISGs by directly degrading IFN-

stimulated gene factor 3 (ISGF3) (23). Although ICP22 is a key

mediator of HSV-2 immune evasion in type I IFN production and

signaling, it remains to be determined whether HSV-2 ICP22

could inhibit the activation of NF-kB signaling pathway.

TNF receptor-associated factor 2 (TRAF2), IkB kinase (IKK)

a (IKK a), IKK b, IKK g and p65 are key components of the NF-

kB signaling pathway. Under foreign stimuli, the IKK complex is

first activated, resulting in the phosphorylation of IkB proteins

and its subsequent degradation by the proteasome. Once IkB
protein is detached, released NF-kB dimers are phosphorylated

and then translocate to the nucleus to activate the transcription
02
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of target genes (24–26). Given that a number of viruses were

previously shown to block the activation of NF-kB by acting on

different components of NF-kB signaling pathway (27–33), we

asked whether and how HSV-2 inhibits NF-kB activation.

In this study, we first revealed that HSV-2 blocks TNF-a-
induced activation of NF-kB-responsive promoter. We further

demonstrated that the immediate early protein ICP22 of HSV-2

inhibits NF-kB activation by directly interacting with p65, resulting

in the blockade of p65 phosphorylation and nuclear translocation.
Materials and methods

Cell lines and viruses

HEK 293T, human cervical epithelial cell line HeLa, and

African green monkey kidney cell line Vero were purchased

from American Type Culture Collection and cultured in

Dulbecco’s modified Eagle medium (DMEM) (Gibico,

C11995500BT) supplemented with 10% fetal bovine serum (FBS)

(Gibico, 10099-141), and 100 U/mL of penicillin and streptomycin

each (Genom, GMN15140) at 37°C in a 5% CO2 incubator.

Primary human cervical fibroblasts were purchased from Meisen

Chinese Tissue Culture Collections (Meisen CTCC, CTCC-088-

HUM) (Zhejiang, China) and cultured in primary fibroblast

culture medium (Meisen CTCC, CTCC-003-PriMed). HSV-2 (G

strain) was obtained from LGC standards and propagated in Vero

cells. Virus stock supplemented with 10% FBS (Gibico, 10099-141)

was stored at –80°C before being used for infection. UV-

inactivated HSV-2 was obtained by exposure to UV irradiation

for 30 min. HSV-2 titration was determined by plaque assay on

Vero monolayers. ICP22 deficient HSV-2, named us1 del HSV-2,

was constructed and produced as previously described (22).
Antibodies, reagents and plasmids

Rabbit anti-p65 (10745-1-AP), mouse anti-b-actin (66009-1-Ig)

and HA-tag (66006-2-Ig) polyclonal antibodies were purchased

from Proteintech (Wuhan, China). Mouse anti-IkB a (L35A5)

and phospho-p65 (ser536) (93H1) antibodies were purchased
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from Cell Signaling Technology. Mouse antibodies against IKK a
(sc-7606), IKK b (sc-271782), and IKK g (sc-8032), respectively,

were purchased from Santa Cruz Biotechnology. A mouse anti-Flag

monoclonal antibody (mAb) (F1804) was obtained from Sigma-

Aldrich. A sheep polyclonal antibody against HSV-2 (ab21112) was

purchased fromAbcam.Mouse normal IgG (A7028) was purchased

from Beyotime. Rabbit normal IgG (A7016) was purchased from

Beyotime. Recombinant human TNF-a (300-01A-50) was

purchased from PeproTech. HA-tagged plasmids pHA-TRAF2,

pHA-IKK a, pHA-IKK b, pHA-IKK g, and Flag-tagged plasmid

pFlag-p65 and the reporter plasmids phRL-TK and pNF-kB-Luc
were kindly provided by Professor Hanzhong Wang at the Wuhan

Institute of Virology, Chinese Academy of Sciences (34, 35). The

coding sequences (CDS) of PRV ICP22 (Gene ID: 2952489) and

VZV ICP22 (Gene ID: 1487700) were synthesized and cloned into

pcDNA3.1(+) vector, respectively, by GeneCreate Biological

Engineering Co, Ltd. (Wuhan, China). The Flag-tagged expression

plasmids of HSV-1 ICP22 and HSV-2 UL46 and ICP22 were

described in our previous studies (22, 36, 37). All the constructs

were verified by DNA sequencing (Sunny Biotechnology, China).
Dual luciferase reporter assay

HEK 293T cells seeded in 24-well plates overnight were co-

transfected with Firefly luciferase reporter plasmid pNF-kB-Luc,
Renilla luciferase reporter plasmid phRL-TK and empty vector

or plasmid encoding indicated viral protein. Transfections were

performed using Lipofectamine 2000 (Invitrogen, 11668-027)

according to the manufacturer’s instructions. At 24 h post-

transfection, cells were mock-treated or treated with TNF-a
(20 ng/ml) for 6 h. In some cases, HEK 293T cells were co-

transfected with pNF-kB-Luc, phRL-TK, plasmid expressing

pFlag-p65, pHA-TRAF2, pHA-IKK a, pHA-IKK b or pHA-

IKK g and empty vector or plasmid expressing indicated viral

protein for 30 h. For HeLa cells, after co-transfection with

reporter plasmids pNF-kB-Luc and phRL-TK for 4 h, cells

were infected or mock infected with HSV-2, UV-inactivated

HSV-2 or us1 del HSV-2 for 20 h, followed by stimulation with

or without TNF-a (20 ng/ml) for 6 h. For primary human

cervical fibroblasts, after co-transfection with reporter plasmids

pNF-kB-Luc and phRL-TK for 4 h, cells were infected with

HSV-2 or us1 del HSV-2 for 20 h, followed by stimulation with

or without TNF-a (20 ng/ml) for 6 h. Cells were subsequently

harvested and lysed to measure Firefly and Renilla luciferase

activities using a Dual Luciferase Reporter (DLR) Assay System

(Promega, E1980) according to the manufacturer’s instructions.
Western blot

The proteins from transfected or infected cells were prepared

using Lysis Buffer supplemented with protease inhibitor cocktail
Frontiers in Immunology 03
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(Roche, 11697498001). Prepared cell lysates or immunoprecipitates

were subjected to 10% SDS-PAGE and transferred to 0.45 µm

polyvinylidene difluoride (PVDF) membranes (Millipore,

IPVH00010 PORE). The membrane was blocked using 5% non-

fat milk in TBST (20 mM Tris-HCl buffer [pH 7.4] containing 37

mM NaCl and 0.1% Tween 20) at 4°C for 1 h, followed by

incubation with a primary Ab overnight at 4°C. After three

washes with TBST, the membrane was probed with a HRP-

conjugated secondary Ab (Proteintech, SA00001-1 or SA00001-2)

at room temperature for 1 h, and then washed five times with

TBST. The bands were visualized by exposure to ChemiDoc MP

Imaging System after the addition of chemiluminescent substrate.
RNA isolation and quantitative PCR

Cells were collected to extract total RNA using TRIzol

(Invitrogen, 15596-026) according to the manufacturer’s

instructions. Subsequently, cDNA was synthesized with the

HiScript II Q RT SuperMix for qPCR (+gDNA wiper)

(Vazyme Biotech, R223-01). Relative real-time quantitative

PCR was performed on a CFX Real-Time PCR system (Bio-

Rad) using ChamQ SYBR qPCR Master Mix (High ROX

Premixed) (Vazyme Biotech, Q341-02). The specific primer

sequences were as follows: 5′-GCCATTCTGATTTGCTGC-3′
(forward) and 5′-CCTTTCCTTGCTAACTGC-3′ (reverse) for

CXCL10, 5′-GGAAATCCCATCACCATC-3′ (forward) and 5′-
CATCACGCCACAGTTTCC-3′ (reverse) for GAPDH. The

expression difference was calculated on the basis of 2-DDCt values.
Co-immunoprecipitation assay

HeLa cells seeded in 6-well plates were transfected with Flag-

tagged ICP22-expressing plasmid or empty vector. At 24 h post-

transfection, cells were mock-treated or treated with TNF-a (20 ng/

mL) for 6 h. Cells were subsequently harvested and lysed on ice for

30 min using 200 mL lysis buffer (50 mM Tris [pH 8.0], 150 mM

NaCl, 1% NP40) containing protease inhibitor cocktail (Roche,

11697498001). 3 mg mouse anti-Flag Ab or mouse normal IgG

(BOSTER, BA1051) was added to fresh Dynabeads protein G

(Invitrogen, 10003D), and mixed with cell lysate, respectively. In

some cases, 3 mg rabbit anti-p65 Ab or rabbit normal IgG (Beyotime,

A7016) wasmixed with fresh Dynabeads protein G, and themixture

was then added to cell lysates. After incubation with rotation

overnight at 4°C, the Ag-Ab-dynabead complexes were washed

three times with PBST, and then the target antigens (Ags) were

subjected to western blot analysis after elution followed by boiling.
Binding kinetic analysis

Human recombinant p65 protein was purchased from

SinoBiological Incorporation (12054-H09E, China). HA-tagged
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ICP22 was purified as described previously (23). Briefly, for

every 1 × 106 cells, 1.5 mg expression plasmid was transfected

into HEK 293F cells using Polyethylenimine (PEI) transfection

reagent (Polysciences, 23966-1, China). Cells were cultured in

FreeStyle 293 Expression Medium (Gibico, 12338018, USA) at

37°C in a 5% CO2 incubator shaker at 110 rpm. At day 3 post-

transfection, cells were harvested and lysed by ultrasonic

treatment. The HA-tagged protein was purified by anti-

YPYDVPDYA Affinity Resin (DIA•AN, KAP0063, China) and

eluted with 300 mg/mL YPYDVPDYA peptide (GenScript,

RP11735, China). The purified protein was concentrated in

PBS using 10 kDa Centrifugal Filter Units (Merck,

UFC901096, Germany) for binding kinetic study.

The kinetics of binding was performed on a Forte-Bio Octet

Red System. After Protein A Biosensors (Fortebio, 18-5010,

USA) were soaked in 1× PBS, 5 mg/mL anti-p65 Ab was

diluted and captured by the Biosensors. The Abs-captured

Biosensors were used to bind p65, and then immersed in

different concentration of ICP22 (62.5, 125, 250, 500 or 1000

nM) for association and disassociation. The response in nm shift

was recorded as a function of time.
Immunofluorescence analysis

HeLa cells seeded in 35-mm glass-bottom dishes were

transfected with Flag-tagged ICP22-expressing plasmid. At

24 h post-transfection, cells were treated with or without 20

ng/mL TNF-a for 6 h, and then fixed with 4% paraformaldehyde

at room temperature for 10 min. After permeabilized with 0.2%

Triton X-100 at room temperature for 10 min, cells were blocked

in PBS containing 3% BSA at 4°C overnight. Thereafter, cells

were incubated with the rabbit anti-human p65 polyclonal Ab

(pAb) and the mouse anti-Flag mAb for 1 h at 37°C. After three

washes with PBS, cells were then incubated with Alexa Fluor

488-labeled Goat anti-Mouse IgG (H+L) (Invitrogen, A-10667)

and Alexa Fluor 647-labeled Goat anti-Rabbit IgG (H+L)

(Invitrogen, A27018) for 1 h at 37°C. Cells were subsequently

washed and incubated with DAPI for 10 min at 37°C. After

washes, cells were observed under a fluorescence microscope

(Nikon A1R/MP).
Statistical analysis

All experiments were repeated at least three times and the

data were presented as mean ± SD unless otherwise specified.

Data analyses were performed with GraphPad Prism 7.0

software (GraphPad). Comparison between two groups was

analyzed by Student t-test, whereas comparisons among more

than two groups were analyzed by one-way ANOVA with the

Tukey’s test. P < 0.05 was considered statistically significant.
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Results

Productive HSV-2 infection suppresses
TNF-a-induced NF-kB activation

It is known that HSV-2 can evade the host innate immunity

to establish lifelong infection. Considering the critical role of

NF-kB in the innate immunity, we examined the effect of HSV-2

infection on NF-kB activation. Given that human genital

epithelial cells are the main targets of HSV-2 primary

infection, we used human cervical epithelial cell line HeLa for

the initial experiment. HeLa cells were co-transfected with the

reporter plasmids pNF-kB-Luc and phRL-TK for 4 h, followed

by infection with HSV-2 or UV-inactivated HSV-2 at an MOI of

1, 0.6, 0.3, or 0.1 for 20 h. After 6 h stimulation with TNF-a, the
activities of luciferase were detected. As shown in Figure 1A,

HSV-2 significantly inhibited the activation of NF-kB-
responsive promoter, whereas UV-inactivated HSV-2 did not

have such capability. We further confirmed that the viral

proteins were barely detectable by WB after HSV-2 was

inactivated by UV (Figure 1B), indicating that productive

infection is necessary for HSV-2-mediated inhibition of NF-kB
activation. Given that the chemokine CXCL10 could be induced

via NF-kB activation (38, 39), we detected whether HSV-2

infection affects CXCL10 mRNA production. As showed in

Figure 1C, HSV-2 infection indeed inhibited NF-kB
activation-induced CXCL10 mRNA production, further

suggesting the inhibitory effect of HSV-2 on NF-kB activation.

These results indicate that HSV-2 infection suppresses TNF-a-
induced NF-kB activation and that productive HSV-2 infection

is necessary for such suppression.
HSV-2 ICP22 inhibits TNF-a-induced NF-
kB activation

Our previous studies show that the HSV-2 ICP22 not only

suppresses IFN-b production by blocking the association of IRF-

3 with IFN-b promoter (22), but also inhibits the production of

ISGs by directly degrading ISGF3 (23). Considering the key role

of ICP22 in HSV-2-mediated immune evasion, we next assessed

the involvement of HSV-2 ICP22 in interfering with NF-kB
signaling pathway. HEK 293T cells were co-transfected with the

reporter plasmids pNF-kB-Luc and phRL-TK together with

ICP22-expressing plasmid. At 24 h post-transfection, cells

were stimulated with TNF-a for 6 h. As shown in Figure 2A,

HSV-2 ICP22 significantly inhibited the activation of NF-kB-
responsive promoter. Moreover, HSV-2 ICP22 also suppressed

CXCL10 mRNA production (Figure 2B). To confirm the role of

ICP22 in the inhibition of NF-kB activation in the context of

virus infection, HeLa cells or primary human cervical fibroblasts

were transfected with the reporter plasmids pNF-kB-Luc and
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B

C

A

FIGURE 1

Productive HSV-2 infection suppresses TNF-a-induced NF-kB activation. (A) Productive HSV-2 infection suppresses TNF-a-induced NF-kB
activation. HeLa cells were seeded in 24-well plates overnight and co-transfected with the reporter plasmids pNF-kB-Luc and phRL-TK. At 4 h
post-transfection, cells were mock infected or infected with HSV-2 or UV-inactivated HSV-2 (UV HSV-2) at an MOI of 1, 0.6, 0.3, or 0.1. At 20 h
post-infection, cells were stimulated with or without TNF-a (20 ng/ml) for 6 h. Reporter activities were determined by DLR assay. (B) Detection of
viral protein expression in HSV-2-infected cells. HeLa cells were infected with HSV-2 or UV-inactivated HSV-2 at an MOI of 1, 0.6, 0.3, or 0.1 for
24 h. The expression of viral protein was detected by western blot using the anti-HSV-2 Ab. b-actin was used as a loading control. (C) HSV-2
infection inhibits CXCL10 mRNA production. HeLa cells seeded in 6-well plates were infected with HSV-2 or UV-inactivated HSV-2. At 24 h post-
infection, cells were stimulated with TNF-a (20 ng/ml) for 6 h. Cells were harvested and total RNA was extracted. The expression of CXCL10 and
GAPDH genes was evaluated by relative real-time quantitative PCR. For graphs, data shown are mean ± SD of three independent experiments with
each condition performed in triplicate. For images, one representative experiment out of three is shown. *p < 0.05, ***p < 0.001. ns, not
significantly. Rel, Relative.
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FIGURE 2

HSV-2 ICP22 inhibits TNF-a-induced NF-kB activation. (A) HSV-2 ICP22 suppresses TNF-a-induced NF-kB activation. HEK 293T cells were
seeded in 24-well plates overnight and co-transfected with the reporter plasmids pNF-kB-Luc and phRL-TK together with ICP22-expressing
plasmid. At 24 h post-transfection, cells were stimulated with TNF-a (20 ng/ml) for 6 h. Reporter activities were determined by DLR assay. The
expression of ICP22 was detected by western blot using the anti-Flag Ab. (B) HSV-2 ICP22 suppresses the production of CXCL10 mRNA. HEK
293T cells seeded in 6-well plates were transfected with vector or ICP22-expressing plasmid. At 24 h post-transfection, cells were stimulated
with TNF-a (20 ng/ml) for 6 h. Cells were harvested and total RNA was extracted. The expression of CXCL10 and GAPDH genes was evaluated
by relative real-time quantitative PCR. (C, D). ICP22 knockout impairs the inhibitory activity of HSV-2 on NF-kB activation. HeLa cells or primary
human cervical fibroblasts were seeded in 24-well plates overnight and transfected with the reporter plasmids pNF-kB-Luc and phRL-TK,
followed by infection with HSV-2 or us1 del HSV-2. After stimulation with TNF-a for 6 h, reporter activities were determined by DLR assay.
(E, F). HSV-2 ICP22 knockout impairs the inhibitory activity of HSV-2 on CXCL10 mRNA production. HeLa cells or primary human cervical
fibroblasts seeded in 6-well plates were infected with HSV-2 or us1 del HSV-2 at an MOI of 1. After stimulation with TNF-a for 6 h, cells were
harvested and total RNA was extracted. The expression of CXCL10 and GAPDH genes was evaluated by relative real-time quantitative PCR.
(G) ICP22s from several alpha-herpesviruses significantly inhibit NF-kB activation. HEK 293T cells were co-transfected with the reporter
plasmids pNF-kB-Luc and phRL-TK together with ICP22-expressing plasmid of HSV-1, PRV or VZV, or expression plasmid of HSV-2 UL46. At
24 h post-transfection, cells were stimulated with TNF-a (20 ng/ml) for 6 h. Reporter activities were determined by DLR assay. The expressions
of HSV-1 ICP22-Flag, HSV-2 ICP22-Flag, PRV ICP22-Flag, VZV ICP22-Flag and HSV-2 UL46-Flag were detected by western blot. Asterisk
indicated the locations of proteins. For graphs, data shown are mean ± SD of three independent experiments with each condition performed in
triplicate. For images, one representative experiment out of three is shown. *p < 0.05, ***p<0.001, ns, not significantly. Rel, Relative.
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phRL-TK for 4 h, followed by infection with HSV-2 or us1 del

HSV-2, which was constructed as described previously (22), for

20 h, and a stimulation with TNF-a for another 6 h. The results

showed that ICP22 knockout significantly impaired the

capability of HSV-2 in inhibiting NF-kB activation

(F igures 2C, D) and CXCL10 mRNA product ion

(Figures 2E, F) in both HeLa cells and primary human cervical

fibroblasts. To address whether the inhibitory effect of HSV-2

ICP22 on NF-kB activation was virus specific, we assessed the

effects of the ICP22s from several alpha-herpesviruses on NF-kB
activation. The results showed that the ICP22s of alpha-

herpesviruses HSV-1, PRV and VZV all significantly inhibited

NF-kB activation, whereas HSV-2 UL46 had no such effect

(Figure 2G), suggesting the significance of ICP22 in

herpesvirus immune evasion. These results collectively indicate

that HSV-2 ICP22 inhibits TNF-a-induced NF-kB activation.
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HSV-2 ICP22 inhibits NF-kB activation by
acting on the downstream of p65

IkB protein inhibits the activation of NF-kB by trapping NF-

kB in the cytoplasm (40). Under foreigner stimuli, IKK complex

phosphorylates IkB, resulting in the phosphorylation, and

subsequent degradation of IkB. Once IkB is detached from

NF-kB, NF-kB is phosphorylated and activated (41). To

understand how HSV-2 ICP22 antagonizes NF-kB activation,

HEK 293T cells were co-transfected with the reporter plasmids

pNF-kB-Luc and phRL-TK, and the plasmid expressing TRAF2,

IKK a, IKK b, IKK g or p65, together with ICP22-expressing

plasmid or empty vector for 30 h. As showed in Figures 3A–E,

overexpression of TRAF2, IKK a, IKK b, IKK g or p65 resulted

in the activation of NF-kB-responsive promoter, whereas HSV-2

ICP22 significantly inhibited TRAF2, IKK a, IKK b, IKK g or
B C

D E F

A

FIGURE 3

HSV-2 ICP22 inhibits NF-kB activation by acting on the downstream of p65. (A–E). HSV-2 ICP22 inhibits TRAF2, IKK a, IKK b, IKK g and p65-
induced NF-kB activation. HEK 293T cells were seeded in 24 well plates overnight and co-transfected with the reporter plasmids pNF-kB-Luc
and phRL-TK, and plasmid expressing TRAF2, IKK a, IKK b, IKK g or p65, together with empty vector or ICP22-expressing plasmid. At 30 h post-
transfection, the reporter activities were determined by DLR assay. (F). HSV-2 ICP22 has no effect on the expression of TRAF2, IKK a, IKK b, IKK g
and p65 or degradation of IkB a. HEK 293T cells were seeded in 6 well plates overnight and transfected with plasmid expressing ICP22 or
empty vector. At 24 h post-transfection, cells were stimulated with or without TNF-a (20 ng/ml) for 6 h. The expressions of TRAF2, IKK a, IKK b,
IKK g, IkB a, p65 and phospho-p65 were detected by western blot. For graphs, data shown are mean ± SD of three independent experiments
with each condition performed in triplicate. For images, one representative experiment out of three is shown. *p<0.05, **p<0.01, ***p<0.001,
ns, not significantly.
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p65-induced NF-kB activation, without affecting the expression

of TRAF2, IKK a, IKK b, IKK g, and p65 (Figure 3F). As showed
in Figure 3F, in the condition of TNF-a stimulation, the

inhibitory factor IkB a was degraded in both vector- and

ICP22-transfected cells indicating that HSV-2 ICP22 did not

affect the degradation of IkB a, while the total level of phospho-
p65 was decreased in ICP22-tranfected cells. These results

collectively indicate that HSV-2 ICP22 inhibits the activation

of NF-kB by acting on the downstream of p65.
HSV-2 ICP22 inhibits the phosphorylation
and nuclear translocation of p65

Given that HSV-2 ICP22 inhibits the activation of NF-kB by

acting on the downstream of p65, we next investigated the
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influence of ICP22 on p65 phosphorylation and nuclear

translocation. HeLa cells were transfected with ICP22-

expressing plasmid, followed by stimulation with TNF-a for

6 h. Cytoplasmic and nuclear proteins were subsequently

isolated and detected by western blot to determine the

distribution of p65. As showed in Figure 4A (Lane 1-4), the

phosphorylation of p65 in the cytoplasm was inhibited by

ICP22, although the expression of total p65 was not affected

by ICP22 (Figure 3F). Meanwhile the phosphorylated p65 in the

nucleus also decreased in ICP22-transfected cells (Figure 4B

Lane 1-4). To further confirm the effect of ICP22 on p65

phosphorylation and nuclear translocation in the context of

virus infection, HeLa cells were mock infected or infected with

HSV-2 or us1 del HSV-2. At 24 h post-infection, cells were

stimulated with or without TNF-a for 6 h. As showed in

Figures 4A, B, HSV-2 infect ion could inhibi t the
B

C

D

A

FIGURE 4

HSV-2 ICP22 inhibits the phosphorylation and nuclear translocation of p65. (A, B). HSV-2 ICP22 inhibits the phosphorylation of p65. HeLa cells
seeded in the 6 well plates were transfected with empty vector or ICP22-expressing plasmid. At 4 h post-transfection, cells were mock infected
or infected with HSV-2 or us1 del HSV-2 at an MOI of 1. At 20 h post-infection, cells were stimulated with or without TNF-a (20 ng/ml) for 6 h.
The phosphorylated p65 in the cytoplasm and nucleus were detected by western blot. b-actin and PCNA were used as loading controls for
cytoplasmic and nuclear proteins, respectively. (C, D). HSV-2 ICP22 significantly inhibits the nuclear translocation of p65. HeLa cells were
transfected with ICP22-expressing plasmid or empty vector. At 24 h post-transfection, cells were stimulated with or without TNF-a (20 ng/ml)
for 6 h. Cells were stained using the mouse anti-Flag and the rabbit anti-p65 Ab. Alexa Fluor 488-conjugated goat anti-mouse (green) and Alexa
Fluor 647-conjugated goat anti-rabbit (red) were used as secondary antibodies. Cell nuclei (blue) were stained with DAPI. The images were
obtained by fluorescence microscopy using a 60× objective. The percentage of p65-positive nuclei was quantified in a number of fields (D). The
scale bar indicates 20 mm. For graphs, data shown are mean ± SD of three independent experiments with each condition performed in
triplicate. For images, one representative experiment out of three is shown. ***p < 0.001.
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phosphorylation and nuclear translocation of p65 (Lane 5-6),

whereas ICP22 knockout obviously impaired the inhibitory

effect of HSV-2 on p65 phosphorylation and nuclear

translocation (Lane 9-10). Immunofluorescence assay further

showed that p65 translocated from the cytoplasm into the

nucleus in the majority of cells after stimulation with TNF-a,
and such translocation was significantly blocked in ICP22-

transfected cells (Figures 4C, D). These results together

indicate that HSV-2 ICP22 inhibits the phosphorylation and

nuclear translocation of p65.
HSV-2 ICP22 directly interacts with p65

To address how ICP22 suppresses the phosphorylation of

p65, co-immunoprecipitation assay was performed to assess the

interaction of HSV-2 ICP22 with p65. As showed in

Figures 5A, B, HSV-2 ICP22 was found to interact with

endogenous p65 in both pull-down experiments using the

anti-Flag or anti-p65 antibody. To further confirm the results,

recombinant HSV-2 ICP22 and human p65 were used to

measure the binding kinetics of ICP22 with p65, showing that

HSV-2 ICP22 indeed directly interacts with p65 (Figure 5C). p65

contains a conserved Rel homology domain (RHD) at the N

terminus, which is responsible for nuclear localization,

dimerization and DNA binding (24). To map the functional

region of p65 interacting with ICP22, we constructed three

truncation mutants D1, D2 and D3 (36). As showed in

Figure 5D, D1 (19-306aa) retains complete RHD of p65, while

D2 (19-300aa) is deficient in the nuclear localization signal

(NLS) domain of RHD. D3 (19-187aa) only retains the DNA

binding domain of RHD. Subsequently, His-tagged full-length

p65 or its truncated mutants (named D1, D2, and D3) were used
to identify the functional domain of p65 interacting with HSV-2

ICP22. Co-immunoprecipitation assay showed that full-length

p65 and its three truncation mutants D1, D2 and D3 all interacted
with ICP22 (Figure 5E). The interaction of ICP22 with p65

seemed to be weakened when the dimerization domain of p65

was deleted, indicating that the dimerization domain of p65

likely plays a more important role in the interaction. These

results together inform that HSV-2 ICP22 directly interacts with

p65, resulting in the blockade of p65 phosphorylation and

nuclear translocation.
Discussion

HSV-2 is one of the most common sexually transmitted

viruses worldwide, causing neonatal herpes and genital ulcer

disease (42). HSV-2 and HSV-1 are closely related but exhibit

substantial differences in latency and reactivation patterns (10–
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14, 43). NF-kB is a key regulator of a broad range of cellular

responses, involved in the induction of inflammation (24, 44–

46). Although a number of studies report that HSV-1 has

evolved multiple countermeasures to subvert the activation of

NF-kB signaling pathway (10–12, 15, 16, 20, 47), our current

understanding of HSV-2 immune evasion against the activation

of NF-kB is limited.

In this study, we found that HSV-2 infection inhibited TNF-

a-induced activation of NF-kB-responsive promoter, whereas

UV-inactivated HSV-2 did not have such inhibition, indicating

that productive HSV-2 infection is necessary for the inhibition of

NF-kB activation. Subsequent studies indicated that ICP22 has a

significant inhibitory effect on the activation of NF-kB-
responsive promoter, which was further confirmed in the

context of viral infection using ICP22 deficient HSV-2.

Moreover, we found that the ICP22s from several alpha-

herpesviruses including HSV-1, PRV and VZV all inhibited

NF-kB activation, which share 62%, 33% and 31% identity,

respectively, with the amino acid sequence of HSV-2 ICP22,

highlighting the significance of ICP22 in herpesvirus immune

evasion. Given that HSV-2 ICP22 can also suppress the

production of type I IFN and ISGs (22, 23), our findings

collectively informed that ICP22 is a key viral element

counteracting not only type I IFN production and signaling

but also NF-kB activation.

It is known that NF-kB activation is an attractive target for

common human viral pathogens to evade host antiviral

responses (34, 48–50). The activation of NF-kB signaling

cascade includes the phosphorylat ion and nuclear

translocation of p65, a major component of NF-kB
heterodimer. We found that HSV-2 ICP22 significantly

blocked TRAF2, IKK a, IKK b, IKK g and p65-induced NF-kB
activation, but did not affect the expression of TRAF2, IKK a,
IKK b, IKK g and p65 or the degradation of IkB a, indicating
that HSV-2 ICP22 likely affects p65 activation. We previously

demonstrated that HSV-2 ICP22 functions as a novel E3

ubiquitin protein ligase to degrade ISGF3, resulting in the

inhibition of type I IFN signaling (23). However, in the

current study, HSV-2 ICP22 appears to inhibit NF-kB
activation independent of its E3 ubiquitin protein ligase

activity, and instead, it suppresses the phosphorylation and

nuclear translocation of p65, leading to the inhibition of NF-

kB activation.

Mechanistically, we found that HSV-2 ICP22 directly

interacts with endogenous p65. In accordance with previous

findings, several other viral proteins of HSV-1 have also been

shown to interact with p65 (10–14).The NF-kB family shares the

RHD at the N-terminus, which contains 300 amino acids and

has three functions: sequence specific DNA-binding,

dimerization and inhibitory protein binding (24, 41). By

assessing three truncated p65, we found that full-length p65

and its three truncation mutants D1, D2 and D3 all interacted

with ICP22. The p65 truncation mutant D3 (19-187aa) only
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FIGURE 5

HSV-2 ICP22 directly interacts with p65. (A) HSV-2 ICP22 interacts with endogenous p65. (B) Endogenous p65 interacts with HSV-2 ICP22.
HeLa cells seeded in the 6 well plates were transfected with empty vector or ICP22-expressing plasmid. At 24 h post-transfection, cells were
mock-treated or treated with TNF-a (20 ng/ml) for 6 h. Cell lysates were then subjected to co-immunoprecipitation assays using the anti-Flag
(A) or anti-p65 Ab (B). The mouse (A) or rabbit (B) non-specific antibody was used as negative control. ICP22 and p65 were detected by
western blot using the anti-Flag or anti-p65 Ab, respectively. (C) HSV-2 ICP22 directly interacts with p65. The kinetics of binding was performed
on a Forte-Bio Octet Red System. 5 mg/mL rabbit anti-p65 Ab was coupled to Protein A biosensors. 25 mg/mL recombinant p65 was bound to
Biosenors and immersed in different concentration of ICP22 (62.5, 125, 250, 500 or 1000 nM) for association and disassociation. The response
in nm shift was recorded as a function of time. KD (M) = 2.18E-07. (D) Schematic representation of p65 truncations. (E) HSV-2 ICP22 interacts
with the three truncation mutants D1, D2 and D3 of p65. Empty vector or ICP22-expressing plasmid and plasmid expressing full-length or
truncated p65 were co-transfected into HEK 293T cells. At 24 h post-transfection, cells were mock-treated or treated with TNF-a (20 ng/ml)
for 6 h. Cell lysates were then subjected to co-immunoprecipitation assays using the anti-Flag mAb. ICP22, truncated p65 were detected by
western blot using the anti-Flag or anti-p65 Ab, respectively. Asterisk indicated the locations of proteins. One representative experiment out of
three is shown.
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retains the DNA binding domain of RHD. In agreement, our

previous study showed that HSV-2 ICP22 also interacts with the

DNA binding domain of IRF-3 (22) to suppress IFN-b
p roduc t i on , wh i ch i nd i r e c t l y s uppo r t s ou r c o -

immunoprecipitation results in this study. An interaction of

ICP22 with the DNA binding domain of p65 likely blocks its

association with phosphorylase, resulting in the suppression of

p65 phosphorylation and nuclear translocation. Given that

HSV-2 ICP22 interacts with the DNA binding domain of p65,

it likely facilitates viral immune evasion by interfering with the

binding of NF-kB with the promoters of regulatory genes in

the nucleus.

It is known that HSV-1 ICP22 is an immediate-early protein

and a multifunctional viral regulator. HSV-1 ICP22 not only

interacts with RNA polymerase II (51–57) and P-TEFb (58) to

regulate viral replication (59), but is also involved in posttranslational

modification as viral protein kinases (60–63). To date, little is known

about the functions of HSV-2 ICP22. We previously revealed that

HSV-2 ICP22 functions as a novel E3 ubiquitin protein ligase to

degrade ISGF3 (23) and a key viral element contributing to HSV-2
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immune evasion (22). Although beyond the scope of this study,

future work is warranted to explore the structural characteristics of

HSV-2 ICP22 for its multiple functions.

In conclusion, we demonstrated that HSV-2 ICP22 blocks

TNF-a-induced activation of NF-kB by directly interacting with

p65. The findings highlight the significance of ICP22 in

inhibiting NF-kB activation. We proposed a model as

described in Figure 6. When the host recognizes foreign

PAMPs, the innate immune system is activated by secreting

cytokines such as TNF-a. The secreted TNF-a engages TNF

receptor (TNFR), resulting in the activation of the IKK complex.

Subsequently, the inhibitory protein of NF-kB, IkB a, is

phosphorylated, degraded and detached from NF-kB. NF-kB
dimers are then released and phosphorylated, and subsequently

translocate to the nucleus to activate the expression of

immunomodulatory genes. In the case of HSV-2 infection, the

viral immediate early protein ICP22 directly interacts with p65

to suppress p65 phosphorylation and nuclear translocation,

leading to the blockade of NF-kB activation, which would

facilitate viral immune escape.
FIGURE 6

A schematic model of the mechanism by which HSV-2 ICP22 blocks TNF-a-induced NF-kB activation. The host recognizes foreign PAMPs and
activates the innate immune system to secret cytokines such as TNF-a. TNF-a subsequently binds TNF receptor (TNFR), resulting in the
activation of the IKK complex. The inhibitory protein of NF-kB, IkB a, is then phosphorylated, degraded and detached from NF-kB. NF-kB
dimers are then released and phosphorylated, and subsequently translocate to the nucleus to activate the expression of immunomodulatory
genes. In the case of HSV-2 infection, the viral immediate early protein ICP22 directly interacts with p65 to block p65 phosphorylation and
nuclear translocation, leading to an inhibition of NF-kB activation.
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According to the current epidemic trend, herd immunity can be achieved via a

vaccination program on a wide scale, representing one of the important ways to block the

spread of COVID-19 (Corona Virus Disease 2019). Herd immunity is largely affected by

the frequency of vaccination and the type of vaccine. Currently, the low vaccine protection

rate is mostly attributed to a) there is no vaccine for children under 6 months, and

exemption of partial population with neurologic disorder and anaphylactic disease and

immunocompromised patients from receiving the vaccine, and b) the emergence of variant

strains across the world has greatly reduced the protection of the vaccine. In addition, a

significant factor may be neglected: the influence of immunosuppressive parasite infection.

As of August 2022. 343.0624 million COVID-19 vaccines have been vaccinated across

China (1). Due to the differences in the coverage of COVID-19 vaccines worldwide and the

prevalence of delta mutants and Omicron. Due to decreased vaccine protective efficacy in

humans over time, new cases still emerge in an endless stream. In the interim analysis data

of Phase III clinical trial released by Johnson & Johnson Ad26 adenovirus vector COVID-

19 vaccine on January 29, 2021, 468 of the 43,783 subjects were infected with COVID-19.

This unique pattern raises an important question, why does infection still occur during the

period of antibody protection after vaccination? a) It may be related to antibody production

time and titer. b) immunosuppressive parasite infection could be an important factor that

has been ignored and never been investigated as a potential cause of vaccine failure.

Nowadays, with the development of the economy, people are petting cats for emotional

support (2). Feline is the definitive host of Toxoplasma gondii (T. gondii), where oocysts, the
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infective stage, can be discharged, causing environmental

contamination and widespread infection. According to statistics,

the seroprevalence of T. gondii varies from less than 10-60% in the

world’s nations (3). T. gondii, as a zoonotic parasitic disease, acute or

chronic infections, can cause systemic or local immunosuppression

of the host. Studies have shown that 65% of patients with HIV die

from the re-activation of T. gondii infection in the first year after

diagnosis (4). It is well documented that T. gondii has developed

mechanisms to evade the attack by the host immune system (5, 6).

Serological testing for T. gondii is not compulsory, and there is no

T. gondii vaccine. In the case of such a high seropositivity rate, the

antibody titers of the people injected with COVID-19 vaccines may

be affected by suppressive T. gondii infection. We hypothesize that

this could be one of the important neglected reasons for the low

vaccine protection rate and should raise the attention of the Centers

for Disease Control and Prevention worldwide.

Even though we are unsure whether T. gondii infection is

connected to COVID-19 vaccination failure, we should test for

immunosuppressive pathogens like T. gondii in vaccination

failure patients to confirm the connection between vaccination

failure and immunosuppression and to increase the efficacy and

protection rate of COVID-19 vaccines.
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Background: NLRP3 inflammasome and its related antiviral inflammatory

factors have been implicated in the pathogenesis of type 2 diabetes mellitus

(T2DM) and insulin resistance, but its contribution to pre-diabetes remains

poorly understood.

Objective: To investigate the effects and the potential mechanism of Tai Chi

intervention on NLRP3 inflammasome and its related inflammatory factors in

the serum of middle-aged and older people with pre-diabetes mellitus (PDM).

Methods: 40 pre-diabetic subjects were divided into a pre-diabetic control group

(PDM-C group, N=20) and a Tai Chi group (PDM-TC group, N=20) by random

number table. 10 normoglycemic subjects (NG) were selected as controls. We

measured clinical metabolic parameters and collected blood samples before and

after the 12 weeks of Tai Chi intervention. Antiviral inflammatory factors in serum

were detected by enzyme-linked immunosorbent assay.

Results: The blood glucose, insulin resistance, and inflammation in PDM

groups were higher than those in the NG group (P<0.05 and P<0.01,

respectively). The results also suggested that 12 weeks of Tai Chi intervention

could reduce body weight, blood pressure, blood glucose, insulin resistance,

blood lipid, and the expressions of serum inflammatory factors in the pre-

diabetic population.

Conclusion: Tai Chi intervention may improve blood glucose, lipid levels, and

insulin resistance in middle-aged and elderly pre-diabetic patients by reducing

the level of NLRP3 inflammasome and its related inflammatory factors.

KEYWORDS

tai chi intervention, NLRP3 inflammasome, pre-diabetes mellitus, inflammatory
factors, insulin resistance
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Introduction

Diabetes mellitus is a common and complex chronic disease

that has become a serious threat to human health after cancer,

cardiovascular, and cerebrovascular diseases, of which 90% are

type 2 diabetes mellitus (T2DM) (1). Diabetes mellitus (in

particular T2DM) develops slowly and may have a pre-

diabetes mellitus (PDM) state, which is a high-risk state for

diabetes (2). PDM is the only stage that can be reversed the

occurrence of diabetes as it is a necessary stage for the normal

progression to T2DM (2). Therefore, it is a wise option to

ameliorate diabetes by developing an effective strategy for the

PDM population. The Guidelines for Prevention and Treatment

of T2DM in China (2020 edition) explicitly recommended that

the prevention and relief of T2DM require adjustment of

unhealthy lifestyle and persistence of exercise (1). Naturally,

exercise is an important scheme of lifestyle adjustment, which

has been recommended for managing pre-diabetes and diabetes.

Previous studies have found that exercise intervention

significantly improved fasting blood glucose (FBG), plasma

glucose after 2 hours (2 hPG), and Glycosylated hemoglobin

(HbA1C) in patients with PDM (3). In addition, exercise

intervention has been shown to ameliorate glucose tolerance,

and effectively prevent impaired glucose tolerance from

progressing to diabetes (4).

Inflammation is an adaptive biological response of the

immune system (5). Chronic inflammation is an important

pathophysiological factor leading to diabetes (6), which is

manifested by higher levels of Nod-like receptor protein 3

(NLRP3), Caspase-1, Interleukin-1b (IL-1b), and various

antiviral inflammatory cytokines (7), inducing a strong

inflammatory response in the body. NLRP3 inflammasome is a

multi-protein complex composed of the nod-like receptor (NLR)

family core member (NLRP3), apoptosis-associated spot-like

protein (ASC), and Caspase-1 (8). Nuclear factor kB (NF-kB),
and reactive oxygen species (ROS) have been regarded as the

important upstream signal to activate the NLRP3 inflammasome

(9). Activation of NLRP3 inflammasome could activate Caspase-

1, which cleaves the pro-IL-1b precursor to form mature IL-1b
secreted out of the cell, thereby inducing the body’s

inflammatory response (10). In addition, the NLRP3

inflammasome has become a regulator of inflammatory

response and protective immunity (11), which plays an

important role in the antiviral innate immune signaling

pathway (12).

Much evidence has shown that aerobic exercise could reduce

the expressions of NLRP3, Caspase-1, IL-1b and other

inflammatory factors (13, 14). Zaidi et al. found that one year

of exercise training in patients with T2DM significantly reduced

the levels of pro-inflammatory markers, especially IL-18 (15).

After 8 weeks of aerobic exercise, the activity of NF-kB and

NLRP3 in the prefrontal cortex of diabetic rats decreased. The

activity of Phosphatidylinositol 3-hydroxy kinase (PI3K)/protein
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kinase B (Akt) was enhanced, and the insulin signaling pathway

was improved by inhibiting the inflammatory signaling (14).

These findings suggested that moderate-intensity aerobic

exercise may ameliorate insulin sensitivity by inhibiting over-

activation of the NLRP3 inflammasome, thereby alleviating

insulin resistance. In brief, aerobic exercise could relieve

diabetes by suppressing inflammation.

Tai Chi is an aerobic exercise with a long history, and Tai

Chi has been widely used in the clinical prevention and

treatment of diabetes. At the same time, the exercise intensity

is moderate, which is favored by the middle-aged and elderly.

Tai Chi has been shown to improve the level of blood glucose

and lipid in diabetic patients, and the potential mechanism may

be driven by insulin resistance, and reduction in inflammatory

factors (16, 17). Studies have found that Tai Chi can stimulate

innate and adaptive immune cell responses and regulate

inflammatory biomarkers, enhancing participants’ immune

system function (5, 18). However, whether Tai Chi plays a

vital role in regulating pre-diabetic symptoms remains

unknown. The evidence of beneficial therapeutic effects of

exercise interventions on reducing inflammatory markers is

also unclear in pre-diabetic rat models (19) and the pre-

diabetic population. Therefore, we aimed to explore the effect

and potential mechanism of Tai Chi intervention on the NLRP3

inflammasome and its related inflammatory factors in pre-

diabetic population, and we seek an economical and effective

strategy to alleviate and improve diabetes.
Materials and methods

Studied subject and study design

In this study, a randomized controlled study design was

adopted, cases were screened strictly following the inclusion and

exclusion criteria established in the study protocol, eligible cases

were randomly grouped, intervened, observed and followed up,

and relevant data were collected. The sample size was

determined based on literature reports of similar studies (20).

A total of 40 pre-diabetic patients and 10 healthy subjects

recruited from Jishou University from April to July 2021 were

selected, among which 2 patients withdrew due to the reason of

health. At last, 38 participants were randomly divided into the

PDM control group (PDM-C, N=19) with an age of (61.58 ±

6.62) years and a height of (1.60 ± 0.09) meters; the PDM Tai

Chi group (PDM-TC, N=19), age was (62.68 ± 7.33) years,

height was (1.57 ± 0.06) meters; normoglycemic subjects (NG,

N=10), age of (55.20 ± 7.45) years, the height of (1.59 ± 0.07)

meters. All groups had no significant differences in age, height,

and body weight (P>0.05).

Eating habits of all recruited participants are relatively

stable. They were asked to continue their daily routines

without changing physical activity and eating habits.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1026509
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hu et al. 10.3389/fimmu.2022.1026509
Monthly one-on-one interviews with a valid questionnaire,

including nutritional intake and physical activity, were

conducted to assess their compliance. All participants

underwent clinical assessment at recruitment to the project,

followed by an oral glucose tolerance test (OGTT) and blood

test. All tests were performed before the intervention and

repeated 3 months following each participant’s final exercise

session. The Ethics Committee approved this study of Jishou

University (approval number: JSDX-2021-0055). All study

participants provided written informed consent.

Inclusion criteria: 1. PDM patients (N=38), (i) Subjects with

impaired fasting glucose (IFG) or impaired glucose tolerance

(IGT), defined as FBG 100-125 mg/dL or 2 hPG 140-199 mg/dL.

(ii)Age: 50-70 years old. (iii) Ability to perform exercise training.

2. NG group (N=10), (i) Subjects with normal fasting glucose

and normal glucose tolerance, defined as FBG <100 mg/dL and

2 hPG <140 mg/dL. (ii)Age: 45-70 years old. Exclusion criteria:

(i) Highly active lifestyle. (ii) Patients with type 1 or 2 diabetes,

other special types of diabetes and abnormal liver and kidney

function were excluded. (iii) Patients with a history of cancer

and other serious diseases were excluded.
Tai Chi exercise intervention

PDM-TC group
All patients underwent a 12-week Tai Chi intervention. 24

simplified Tai Chi intervention was conducted for 12 weeks

under the guidance of a professional Tai Chi instructor (group

instruction). Practice venue: Jishou University New Campus

sports ground. Practice period: April to July 2021. The

training frequency was four sessions per week for 12 weeks,

for a total of 48 pieces of training. Only subjects who performed

at least 80% of all planned training were included in this study.

Each training lasted approximately 80 min, beginning with a

warm-up (20 min), Tai Chi exercises (50 min), followed by

relaxation exercises (10 min). The first 1-3 weeks of Tai Chi

learning period, 4-12 weeks of Tai Chi consolidation

and strengthening.

Before enrollment, the researcher conducted relevant

training and education for all PDM-TC group subjects, and

informed them of the specific details of the exercise program and

matters needing attention. The blood pressure and heart rate of

subjects were measured before each exercise. Exercise intensity

was maintained to keep the heart rate within 50%~60% of the

maximum heart rate (male maximum heart rate=220-age,

female maximum heart rate=210-age), and wear a polar watch

randomly for real-time monitoring. The most significant feature

of the exercise intervention is that it was 100% supervised to

ensure uniformity among patients in the exercise intervention. If

the patients show any discomfort, the exercise will be

terminated immediately.
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PDM-C group and NG group
Do not exercise regularly in any other way than to maintain

their previous lifestyle. Both groups were visited weekly to know

their states of life, to ensure they did not engage in other forms of

disciplined exercise and did not change their diet.
Biochemical measurements of subjects

Anthropometrics and body composition
Anthropometric measurements and body composition

analyses were performed in the fasted state using a calibrated

body composition analyzer Model N40 (Korea). BMI was

calculated as body mass (kg) divided by height (m) squared.

Blood pressure is measured continuously 3 times in a calm state,

and its average value is taken. A tape measure was used to

measure the subjects’ waist and hip measurements, and the

waist-hip ratio was calculated.

OGTT and laboratory measurements
The OGTT procedure was conducted following ADA

recommendations (21). Blood glucose was measured in plasma

using a blood glucose detector with Kyoto U-Test (Kyoto,

Japan). Blood samples were collected from all subjects before

and after Tai Chi intervention. Fasting for more than 8 h was

required, and 5 ml of venous blood was taken on an empty

stomach from 7:00 to 9:00 the next morning. Fasting insulin

(FINs), total cholesterol (TC), triglyceride (TG), low-density

cholesterol (LDL-C), high-density cholesterol (HDL-C), FBG,

and other biochemical indexes were determined by Hitachi 7600

automatic biochemical analyzer. HbAlC was determined by

Hitachi 7170A automatic glycated hemoglobin analyzer. The

homeostatic model assessment for insulin resistance was

calculated to evaluate insulin resistance: homeostatic model

assessment for insulin resistance (HOMA-IR) = (FBG×FINs)/

22.5. The concentrations of NF-kB, ROS, NLRP3, ASC,

Caspase-1, GSDMD, IL-1b, and IL-18 in serum of all subjects

were detected by enzyme-linked immunosorbent assay (ELISA).

The ELISA kits were purchased from Sin-Troch (China).

The instrument was Rayto and RT-6100 microplate reader,

and the operation was completed according to the kit

instructions. The operation is completed according to the

operating instructions.
Statistical analyses

SPSS23.0 statistical software was used to process the

measured data, and the experimental data were expressed as

the mean ± standard deviation (x̄ ± s). Paired t- test was used for

intra-group comparison before and after the intervention.

Comparison among the three groups was performed by one-
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way ANOVA. P<0.05 or P<0.01 means the difference is

statistically significant.
Results

Tai Chi intervention reduced the related
indexes of body weight and blood
pressure in patients with pre-diabetes

To determine the effect of Tai Chi intervention on weight and

blood pressure indexes in the pre-diabetic population. As shown

in Table 1, of 48 enrolled subjects, 10 (21%) were normoglycemic;

38 (79%) were pre-diabetic with impaired fasting glucose or

glucose tolerance. PDM participants were randomly divided into

the PDM-C group (N=19) and the PDM-TC group (N=19). 10

NG group (N=10) were selected as controls. The results showed

no statistically significant difference in Wt, BMI, SBP, DBP and

WHR among PDM-C, PDM-TC, and NG groups (P>0.05). After

12 weeks of Tai Chi intervention in the PDM-TC group, there

were significant differences in Wt, BMI, SBP, and DBP (P<0.01).

Compared with the PDM-C group, we found that there were

significantly decreased DBP and WHR in the PDM-TC group

(P<0.01). These results demonstrated that Tai Chi intervention for

12 weeks could reduce body weight and blood pressure in the pre-

diabetic population.
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Tai Chi intervention decreased
blood glucose and insulin resistance
in pre-diabetes

To examine whether Tai Chi intervention for 12 weeks

influences blood glucose and insulin resistance in pre-

diabetes, patients’ blood analysis was performed. As shown

in Table 1, before 12 weeks of Tai Chi intervention, we

observed that there are significant differences in FBG, 2

hPG, HbA1C, HbA1, FINs, and HOMA-IR among PDM-C,

PDM-TC, and NG groups (P<0.05 or P<0.01), suggesting that

the blood glucose and insulin resistance in PDM groups were

significantly higher than those in NG group. Nevertheless,

there were no significant differences between the PDM-C and

PDM-TC groups in FBG, 2 hPG, HbA1C, HbA1, FINs, and

HOMA-IR (P>0.05). After 12 weeks of Tai Chi intervention

in the PDM-TC group, FBG, 2 hPG, HbA1C, HbA1, FINs, and

HOMA-IR were decreased. Compared with the PDM-C

group, we found that FBG, 2 hPG, HbA1C, and HbA1 were

reduced significantly in the PDM-TC group (P<0.05 or

P<0.01). Specifically, there was statistical significance in

insulin resistance-related indexes, including FINs and

HOMA-IR (P<0.05 or P<0.01) between the PDM-C and

PDM-TC groups. Taken together, 12 weeks of Tai Chi

intervention could decrease blood glucose and insulin

resistance in pre-diabetes (Table 1).
TABLE 1 Clinical characteristics of subjects.

Parameter (Unit) PDM-TC (N = 19) PDM-C (N = 19) NG (N = 10)

Before After Before After Before After

Wt (kg) 61.58 ± 9.42 59.21 ± 9.05b 65.49 ± 11.08 65.37 ± 11.05 60.45 ± 7.17 60.38 ± 8.27

BMI (kg/m2) 24.99 ± 3.64 24.15 ± 3.42b 25.41 ± 2.57 25.34 ± 2.38 23.89 ± 1.80 23.83 ± 1.97

SBP (mmHg) 143.05 ± 19.80 124.79 ± 14.56b 138.16 ± 18.37 136.53 ± 19.66 128.20 ± 14.73 126.90 ± 16.70

DBP (mmHg) 80.84 ± 8.20 74.00 ± 10.01bd 84.32 ± 7.82 82.27 ± 7.04 84.80 ± 13.61 83.10 ± 10.50

WHR 0.91 ± 0.05 0.89 ± 0.04d 0.91 ± 0.05 0.96 ± 0.04 0.89 ± 0.06 0.91 ± 0.06

FBG (mmol/L) 6.39 ± 0.31d 6.04 ± 0.31bd 6.40 ± 0.31 6.60 ± 0.34 5.42 ± 0.42 5.44 ± 0.30

2 hPG (mmol/L) 9.17 ± 2.17d 7.56 ± 2.47bc 8.62 ± 0.77 8.66 ± 0.72 6.70 ± 0.73 6.94 ± 0.72

CRP (mg/dl) 1.94 ± 0.11c 1.86 ± 0.11bd 2.06 ± 0.15 2.09 ± 0.13 1.95 ± 0.12 1.92 ± 0.11

HbA1C (%) 6.23 ± 0.33d 6.00 ± 0.34bd 6.24 ± 0.29 6.32 ± 0.50 5.60 ± 0.28 5.65 ± 0.18

HbA1 (%) 7.65 ± 0.53d 7.39 ± 0.44bd 7.65 ± 0.39 7.56 ± 0.65 6.64 ± 0.44 6.62 ± 0.36

FINs (mU/mL) 12.22 ± 5.97c 9.73 ± 4.72bc 13.98 ± 5.23 13.08 ± 4.62 8.76 ± 2.84 9.54 ± 3.28

HOMA-IR 3.13 ± 1.71d 2.27 ± 1.15bd 3.74 ± 1.41 3.66 ± 1.35 1.92 ± 0.73 2.04 ± 0.81

TG (mmol/L) 1.65 ± 0.83 1.56 ± 0.86 2.00 ± 0.87 2.19 ± 0.95 1.44 ± 1.07 1.68 ± 0.73

TC (mmol/L) 5.58 ± 1.05 5.33 ± 1.05b 5.03 ± 1.01 5.06 ± 0.92 5.17 ± 1.05 5.16 ± 0.78

HDL-C (mmol/L) 1.41 ± 0.34 1.41 ± 0.33 1.58 ± 0.52 1.65 ± 0.63 1.37 ± 0.32 1.34 ± 0.28

LDL-C (mmol/L) 3.32 ± 0.84 3.11 ± 0.88b 3.42 ± 0.72 3.44 ± 0.73 3.15 ± 0.67 3.17 ± 0.49
f

Comparison in the group,aP < 0.05, bP < 0.01; Comparison between groups, cP < 0.05, dP < 0.01. Wt, weight; BMI, body mass index; WHR, waist-to-hip ratio; FBG, fasting blood glucose; 2 h
PG, 2 hours plasma glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; TC, total cholesterol; CRP, C-reactive protein;
HbA1c, haemoglobinA1c; HbA1, total glycosylated hemoglobin; FINs, fasting insulin; HOMA-IR, homeostatic model assessment for insulin resistance.
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Tai Chi intervention has a positive effect
on blood lipid in pre-diabetes

To detect the influence of Tai Chi intervention on blood

lipid in the pre-diabetic population. Before Tai Chi intervention,

there were no significant differences among the PDM-C group,

PDM-TC group, and NG group in blood lipid-related indexes,

including TG, TC, HDL-C, and LDL-C (P>0.05), respectively,

indicating that the difference is not obvious in blood lipids

among the three groups. After 12 weeks of Tai Chi intervention

in the PDM-TC group, there were significant differences in TC

and LDL-C (P<0.01), however, the improvements in TG and

HDL-C were not significant (Table 1). These results indicated

that a 12-week Tai Chi intervention positively affects blood lipid-

related indexes in the pre-diabetic population. Compared with

the PDM-C group, we found no significant difference in TG, TC,

HDL-C, and LDL-C (P>0.05), possible resulting from the small

sample size and the short intervention time.
Tai Chi intervention reduced serum
inflammatory factors in prediabetes

An ELISA assay was employed to confirm the effect of Tai Chi

intervention on serum inflammatory factors in the pre-diabetic

population. Before Tai Chi intervention, we did not find any

significant differences in inflammation markers in the serum

between PDM-TC and PDM-C groups. As shown in Figures

1A–J, most inflammatory indexes in the NG group were lower

than those in the PDM groups. However, the mean value of irisin

was slightly higher in the NG group than in the PDM groups.

Intra group comparison results showed that there were

significantly reduced the expressions of NEK7, ROS, NF-kB,
NLRP3, ASC, Caspase-1, GSDMD, IL-1b, and IL-18, while the

expression of irisin was increased in PDM-TC group after 12

weeks Tai Chi intervention (P<0.05 or P<0.01). Compared with

the PDM-C group, the expressions of NEK7, ROS, NF-kB,
NLRP3, ASC, Caspase-1, IL-1b, and IL-18 were significantly

decreased in the PDM-TC group (P<0.05 or P<0.01). However,

there was no significant difference in the expression level of irisin

in the PDM-TC group. These results suggest that Tai Chi

intervention for 12 weeks can significantly reduce the expression

of serum inflammatory factors in pre-diabetes.
Discussion

Diabetes is a metabolic disease mainly characterized by

hyperglycemia, presenting a “chronic low-grade inflammatory”

state (22). Chronic inflammation is also considered a key

inducer in the development of diabetes and permeates the

whole process of diabetes (23). NLRP3 inflammasome, IL-1b,
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and IL-18 can affect blood glucose control and insulin resistance,

which are related to the pathogenesis of diabetes (23, 24), and

play an important role in diabetes-induced systemic chronic

inflammation and insulin signal transduction (15, 25). Our study

showed that the expressions of NLRP3 inflammasome and other

antiviral inflammatory cytokines in the NG group were lower

than those in the PDM groups, suggesting that the pre-diabetes

is indeed in a chronic inflammatory state. Consistent with our

findings, studies have found that NLRP3 inflammasome,

Caspase-1, IL-1b, IL-18, and other inflammatory factors were

significantly increased in multiple tissues of diabetic patients (26,

27). Many studies showed that hyperglycemia could produce

excessive ROS (28) and activate NF-kB (29), thereby triggering

the activation of intracellular signal transduction and NLRP3

inflammasome in the occurrence and development of diabetes

(30). It is reported that NEK7 directly regulates the activation of

NLRP3 inflammasome (31). A previous study also showed that

the expressions of NEK7 and NLRP3 inflammasome in vascular

cells of patients with diabetes were significantly increased (32).

In this work, we found that ROS, NF-kB, and NEK7 were

significantly higher in PDM groups than in the NG group (as

shown in Figures 1A, C, D). Additionally, irisin plays a crucial

role in diabetes and energy metabolism (33). A previous study

showed that the level of circulating irisin in patients with

diabetes was lower when compared with that of the non-

diabetic control group (34). Our study found that the average

irisin of the NG group was slightly higher than that of the PDM

groups (as shown in Figure 1B), but there was no statistical

significance. The possible reasons are that the sample size is

small and the study object is pre-diabetes. In addition, irisin can

reduce the excessive production of ROS and oxidative stress (35),

and inhibit the formation and activation of NLRP3

inflammasome (36). To sum up, ROS, NF-kB, and NEK7

could activate NLRP3 inflammasome, while irisin inhibits the

activation of these inflammatory cytokines.

Aerobic exercise is believed to be a promising intervention to

reduce the expressions of ROS, NF-kB (37), NEK7, NLRP3,

ASC, Caspase-1, IL-1b, and other inflammatory factors (38–40),

and improves diabetes-induced inflammation and reduces

insulin resistance. Tai Chi is a typical aerobic exercise, as well

as a physical and mental exercise method of both internal and

external cultivation and coordinating the balance of mind-body

(41). The data detected by ELISA suggested that Tai Chi

intervention for 12 weeks could significantly reduce the

concentration of the serum inflammatory factors including

ROS, NF-kB, NEK7, NLRP3, ASC, Caspase-1, GSDMD, IL-1b,
and IL-18 in patients with pre-diabetes, indicating that Tai Chi

intervention could relieve vascular and systemic inflammation.

Another important finding of our study is that the level of irisin

in the blood of patients with pre-diabetes increased slightly after

12 weeks of Tai Chi intervention (P<0.01) (as shown in Figure

1B), which is consistent with the study of Jia (42). Therefore, 12

weeks of Tai Chi intervention can significantly decrease the
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FIGURE 1

The expressions of inflammatory cytokines in the serum of patients with PDM-C, PDM-TC and NG groups, before and after 12 weeks of Tai Chi
intervention. “*” indicates that there are differences within the group (P < 0.05), and “**” indicates that there is significant difference in the group
(P < 0.01). “D“ indicates differences between the PDM-TC group and the PDM-C group (P < 0.05), and “DD“ indicates significant differences
between the PDM-TC group and the PDM-C group (P < 0.01).
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expressions of NEK7, NLRP3, ASC, Caspase-1, GSDMD, IL-1b,
and IL-18, while increasing the expression of irisin in

pre-diabetes.

We showed that the 12 weeks of Tai Chi intervention

effectively alleviated glucose homeostasis and anthropometric

parameters in both PDM-TC and PDM-C relative to

normoglycemia. Thus, Tai Chi is an important form of

exercise in pre-diabetes, which may be useful in preventing the

development of T2DM. Previous studies have also confirmed

that Tai Chi intervention can significantly reduce TC,TG, FBG,

and HbA1C in T2DM patients (43). This study also found that

Tai Chi intervention can reduce the expressions of blood

glucose, blood lipid, and inflammatory factors in pre-diabetes.

However, does Tai Chi intervention improve blood glucose,
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blood lipid, and insulin resistance by reducing the expression of

inflammatory factors?

Previous studies have shown that ROS, NF-kB, and NEK7

can activate the NLRP3 inflammasome, which secretes IL-1b. IL-
1b activates C-Jun N-terminal kinase (JNK) and induces serine

phosphorylation of insulin receptor substrate 1 (IRS-1), inhibits

the expression of Akt protein kinase (44) and weakens the

insulin/PI3K/Akt signaling pathway in insulin-sensitive tissues,

leading to insulin resistance (45). Irisin can inhibit the formation

and activation of NLRP3 inflammasome (36), thereby improving

insulin resistance. Studies have shown that exercise can increase

the expression of irisin in skeletal muscle, increasing of

circulating irisin (35). Therefore, we speculated that Tai Chi

intervention might increase irisin level in skeletal muscle, lead to
FIGURE 2

The potential mechanism of Tai Chi intervention relieves pre-diabetes by inhibiting inflammation cytokines. Tai Chi intervention can increase the
level of irisin in the blood, thus inhibiting the expression of NLRP3 inflammasome and other inflammatory factors, enhancing insulin receptor
sensitivity, relieving insulin resistance and pre-diabetes.
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a high concentration of irisin in blood, and thus inhibit the

expressions of NLRP3 and other inflammatory factors. The

decrease of inflammatory factors could further enhance insulin

receptor sensitivity and improve insulin resistance (Figure 2). In

general, Tai Chi intervention may improve insulin resistance by

reducing the expression of inflammatory factors.

However, as the objects of study are the pre-diabetes

population, the expressions of inflammatory-related factors in

the tissues cannot be detected. It is suggested that the mouse

model should also be used in future studies. Secondly, the sample

size can be increased in the follow-up study. Finally, its follow-

up research can try applying inflammation-related factors to the

study of exercise in mice with pre-diabetes to explore the

molecular mechanism of how different exercise patterns

reduce inflammation.
Conclusion

Tai Chi intervention can reduce blood glucose, blood lipid,

and insulin resistance levels and decrease the serum levels of

inflammatory factors, including NF-kB, ROS, NLRP3, IL-1b,
and IL-18 in pre-diabetes. The potential mechanism is that Tai

Chi intervention could increase the level of irisin in the blood,

and inhibit the expression of the NLRP3 inflammatory signal

pathway, thereby reducing inflammation and relieving insulin

resistance. Therefore, based on effective control of blood glucose,

NLRP3 inflammasome and its related inflammatory factors may

become important targets for Tai Chi intervention to ameliorate

pre-diabetes.
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influenza A infection in mice
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and Rongbao Gao1,2*
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C-reactive protein (CRP) has been shown to be a potential candidate target in

the immunotherapy of severe influenza A infection. However, it is unclear on

the pathogenesis associated with CRP in influenza infections. Here, we used

influenza A H1N1 CA04 to infect human CRP transgenic mice (KI), CRP

knockout mice (KO), and wild-type mice (WT), respectively, and compared

the viral pathogenicity and associated immune response in those mice. The

results showed that CA04 infection resulted in 100%, 80%, and 60% death in

KO, KI, and WT mice, respectively. Compared to WT mice, CA04 infection

resulted in higher TCID50 in lungs on day 3 after infection but lowered HI

antibody titers in sera of survivors on day 21 after infection in KI mice. ELISA

assay showed that IFN-g concentration was significantly increased in sera of

WT, KI, or KOmice on day 7 after infection, and IL-17 was remarkably increased

in sera of WT mice but decreased in sera of KI mice while no significant change

in sera of KO mice on day 3 or 7 after infection. Quantitative RT-PCR showed

that the relative expression levels of immune checkpoint CTLA-4, LAIR-1, GITR,

BTLA, TIM-3, or PD-1 mRNA in the lung presented decreased levels on day 3 or

7 after infection in KI or KO mice. The correlation analysis showed that mRNA

expression levels of the 6 molecules positively correlated with viral TICD50 in

WTmice but negatively correlated with viral TCID50 in KI or KOmice. However,

only LAIR-1 presented a significant correlation in each lung tissue of WT, KI, or

KO mice with CA07 infection statistically. IHC results showed that LAIR-1

positive cells could be found in WT, KO, or KI mice lung tissues with CA04

infection, and the positive cells were mainly distributed in an inflammatory

dense area. Our results suggested that deficiency of CRP or human CRP

transgenic treatment aggravates influenza A virus infection in mice. CRP is a

double sword in immune regulation of influenza infection in which IL-17 and

immune checkpoint may be involved.
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Introduction

The influenza virus that causes annually recurrent acute

respiratory disease in humans is responsible for a large

proportion of morbidity and mortality (1). The WHO estimates

that annual influenza epidemics result in ~1 billion infections, 3-5

million cases of severe illness, and 290,000-650,000 deaths (2).

Severe disease and/or mortality in patients with influenza virus

infection are generally due to virus-induced pneumonia or

secondary bacterial superinfection (1). Primary viral pneumonia

is characterized by high levels of viral replication in the lower

respiratory tract accompanied by strong pro-inflammatory

responses. Influenza-mediated alveolar epithelial cell injury is

due to inherent viral pathogenicity and imbalanced host

immune response triggered by the virus (3, 4).

C-reactive protein (CRP), a pentameric protein found in

almost all organisms where the presence of CRP has been

sought, is an inflammatory biomarker and an immune

mediator (5, 6). It was first named because of its ability to

precipitate C-polysaccharide from Streptococcus pneumoniae in

vivo and became a protein expressed as a component of the acute

phase response in humans and some other species (7). Growing

studies have shown that CRP plays important roles in

inflammatory processes and host responses to infection,

including the complement pathway, apoptosis, phagocytosis,

nitric oxide release, and the production of cytokines. Several

studies suggested that CRP is a potential candidate target in the

immunotherapy of severe influenza A infection (5, 8–10).

However, to our knowledge, it is unclear on the pathogenesis

associated with CRP on severe influenza infection.

In this study, to understand the pathogenesis associated with

CRP on severe influenza infection, we used influenza A H1N1

virus to infect mice with human CRP transgenic treatment, mice

with deficiency of CRP, and wild-type mice, respectively, and

compared the viral pathogenicity and associated immune

response in the three typed mice.
Materials and methods

Mice and infection

All animal studies were performed according to the

guidelines approved by the Investigational Animal Care and

Use Committee of the National Institute for Viral Diseases

Control and Prevention of the China CDC and were

conducted following the guidelines of the Council for Animal

Care. The CRP knockout (KO), human CRP knock-in (KI), or

wild-type (WT) C57BL/6J mice were purchased from Cyagen

Biosciences (Suzhou, China). The KO or KI mice were detected

by PCR, sequencing, and southern blotting to determine the
Frontiers in Immunology 02
176
knockout of mouse CRP or knock-in of human CRP on the

sampled tail of each mouse. We performed a viral challenge by

i.n. Inoculation of 1.5×104 TCID50 of A/California/04/2009

(H1N1) to anesthetized 8- to 10-week aged KO, KI, or WT

female mice in 50 mL PBS. After the mice were infected with the

virus, their body weight was measured daily to observe the

changes. If the mice lost over 25% of their initial body weight,

they were humanely euthanized and necropsied.
Viral titration

The influenza viruses used in this study were titrated by a

TCID50 (50% tissue culture infectious dose) inMDCK cells. Briefly,

100 ml/well of MDCK cells (3 × 105 cells/ml) were seeded one day

before infection in 96-well microtiter plates. Serial semi-logarithmic

dilutions of each virus or supernatants of mouse lung homogenates

were made with Dulbecco modified Eagle medium containing 1%

bovine serum albumin and 2 mg/ml TPCK-treated trypsin from

10−2 to 10−7. Each virus or sample’s dilution was added to MDCK

cells (4 wells for each dilution, 100 ml/well). The cells were incubated
for 72 h at 35°C. The contents of each well were tested for

hemagglutination by incubating 50 ml of the tissue culture

supernatant with 0.5% turkey erythrocytes. The TCID50 was

calculated according to the Reed and Muench method. For

mouse lung tissue processing, in brief, left lung tissues from each

mouse were homogenized in 1 mL of phosphate-buffered saline

(PBS) by the tissue lyser (Qiagen). The supernatant was sampled

after centrifugation at 3000 rpm for 15 min at 4°C.
Hemagglutination-inhibition (HI) assay

Prior to testing by the HI assay with turkey RBC, the serum

samples were treated with 4-fold receptor destroying enzyme

(RDE) dilutions at 37°C for 18 h, followed by incubation at 56°C

for 30 min. The serum samples were titrated in 2-fold dilutions

of PBS and tested at an initial dilution of 1:10. Virus was added

at a concentration of 4 HAU/25 mL. After 1 hour, 50 mL of 1%

turkey RBC was added.
Histopathological and
immunohistochemical staining

Routine hematoxylin and eosin staining was used for

histopathology evaluation. For immunohistochemistry, 4mm
deparaffinized formalin-fixed paraffin-embedded sections were

stained with polyclonal antibody against LAIR-1 (51030-R119,

Sinobilogical, China) by using a polymer-based colorimetric

indirect peroxidase method (ZSBio, China).
frontiersin.org
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Cytokine IL-17 and IFN-g assay

The concentration of IL-17 and IFN-g in mice sera was

determined using an enzyme-linked immunosorbent assay

(ELISA) according to the manufacturer’s instructions (R&D

system, USA). The serum samples were detected in 10-fold

dilutions of PBS. The concentrations of IL-17 and IFN-g were

calculated through standard curves using the standard product

(Supplemental Figure 1).
RNA extraction and quantitative RT-PCR

RNA was extracted from mouse lung tissues using an animal

tissue total RNA extraction kit (TIANGEN BIOTECH, China)

per the kit’s protocol. To quantify the relative expression levels of

immune checkpoint glucocorticoid-induced TNF receptor

family-related protein (GITR), B- and T-lymphocyte

attenuator (BTLA), T-cell immunoglobulin and mucin-3

(TIM-3), cytotoxic T lymphocyte-associated antigen-4 (CTLA-

4), human leukocyte associated Ig-like receptor-1 (LAIR-1) or

programmed death 1 (PD-1) mRNA in mice lung tissues, a

quantitative real-time RT-PCR was performed by QuantiFast

SYBR Green RT-PCR Kit (Life Science Technologies, USA) on a

real-time PCR detection system (Agilent Technologies Inc.,

Santa Clara, CA). The housekeeping gene GAPDH was used

as the internal control. The specific primer sets were used as

follows: GITR forward: GCCAGACGCTACAAGACT, GITR

reverse: ATCGTAACTCACCGCTCT; BTLA forward:

GTGACTTGGTGTAAGCACAATGGAA, BTLA reverse:

TACGACCCGTTATCACTGAGATGTA; TIM-3 forward:

AACCCTGCGAAAGGCAAACTT, TIM-3 r eve r s e :

GGTGACGACTGTCCTCCCAAA; CTLA-4 forward:

AACCTTCAGTGGTGTTGGCTAG, CTLA-4 reverse:

CCTCAGTCATTTGGTCATTTGT; LAIR-1 forward:
Frontiers in Immunology 03
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TTGTCTTTCCGCCCTTCTGTTCTG, LAIR-1 reverse:

CTGCTGCTGTCTTTTGTTGTTTGG; PD-1 forward:

TATAACCTTGACGCAAACCA , PD - 1 r e v e r s e :

CTTGCTCATTTCAGAGTCCT ; GAPDH rev e r s e :

A TGGGAGTTGTTTTCTTG , GAPDH f o r w a r d :

CTCGTCTTCTGTCATCTCTGCTG. The relative expression

level was displayed by DCt in previous studies (11, 12).
Statistical analysis

The mouse survival curve analysis was performed using

Fischer’s exact test. Mouse body weight changes, viral TCID50

in mouse lung tissue, sera HI antibody titers, sera concertation of

cytokines, and mRNA expression levels of immune checkpoints

in mouse lung tissues were observed using unpaired t-tests for

significant differences. The correlations between mRNA levels of

checkpoint and sera levels of cytokines were analyzed by

Pearson’s correlation method. Differences were considered

significant at P <.05 with a two-tailed test. All analyses were

performed using Instat software (Vision 5.0; GraphPad Prism).
Results

The impact of CRP on pathogenicity of
influenza virus in mice

CA04 infection resulted in 60% (n=10), 80% (n=10), or

100% (n=10) fatality in WT, KI, or KO mice respectively. The

body weight changes suggested that the body weight loss of KO

mice was higher than one of WT or KI mice after day 4 of

infection, and the body weight loss of KI mice presented higher

than one of the WT mice on day 7 after infection till to day 14

after infection (Figure 1). Furthermore, histopathological
BA

FIGURE 1

The survival rate and body weight changes in WT, KO, or KI mice with CA07 infection. (A) Kaplan-Meier survival curves were recorded. n=10
mice for each group. *P <0.05, **P <0.01 (log-rank test) when comparing the WT or KI mice. (B) Body weight loss was recorded for all survived
mice until 21 days post-infection. *P <0.05, **P <0.01 (two-tailed t-test) when comparing the WT or KI mice.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1028458
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2022.1028458
changes were observed on WT, KI, or KO mice with CA07

infection lung tissues. The results showed that, compared to

MOCK, the CA04 resulted in typical histopathological damages,

including infiltration of inflammatory cells and congestion and

edema of alveoli and bronchus in the lungs of WTmice as well as

in the lungs of KO or KI mice (Figure 2). On day 3 after

infection, CA04 raised focal damages with scatted

bronchopneumonia in WT, KO, or KI mice.

In comparison, the infiltration of inflammatory cells presented

more inWT or KI mice than in KOmice (Figures 2A–C). On day 7

after infection, defuse alveolar damages were observed in the lungs

of WT, KO, or KI mice. In comparison, the damages were more

serious and extensive in the lungs of KO or KI mice than those of

WTmice (Figures 2D–F). Taken together, the results suggested that

deficiency of CRP or human CRP transgenic treatment enhanced

the pathogenicity of influenza virus in mice.
The impact of CRP on viral replication
and antibody response in mice with
influenza virus infection

Viral titration showed that the viral TCID50 presented a

significantly higher level in the lungs of KI mice than WT or KO
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mice on day 3 after infection. In contrast, no significant

difference was observed between them, although viral TCID50

presented a higher level in the lungs of KO mice than KI or WT

mice on day 7 after infection (Figure 3A). The HI assay showed

that the sera HI antibody titer against CA07 presented a much

higher level in WT survivors than in KI survivors (Figure 3B).

The results suggested that CRP was related to the viral clearance

and antibody response in influenza infection.
The impact of CRP on levels of cytokine
IFN-g and IL-17

As shown in Figure 4, the ELISA assay showed that IFN-g
concentration was significantly increased in sera of WT, KI, or

KO mice on day 7 after infection, and no significant difference

was observed between them. However, compared to PBS

inoculated mice, IL-17 was remarkably increased in sera of

WT mice with CA04 infection but decreased in sera of KI

mice with CA04 infection on day 3 or 7 after infection, while

there was no significant change in sera of KO mice infected with

CA04 on day 3 or 7 after infection. The results suggested that

deficiency of CRP or human CRP transgenic treatment

decreased IL-17 immune response in influenza infection.
FIGURE 2

Histopathological damage in lung tissues of WT, KO or KI mice infected with CA04. Representative lung histopathology of CA04 or PBS
challenged WT (A, D, G), KO (B, E, H) or KI (C, F, I) mice on day 3 or 7 after infection. The lungs of PBS inoculated WT (G), KO (H) or KI (I) mice
were set as MOCK. The infiltration of inflammatory cells (black arrow) and hyaline membrane formation (black square arrow) were presented in
lung sections. Original magnification: ×10.
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The impact of CRP on immune
checkpoint mRNA expression
of infected mice

To observe the correlation of CRP with the local immune

response of lung in mice to influenza infection, we quantified

the relative expression levels of 6 immune checkpoint mRNAs

in lung tissues of mice, including GITR, BTLA, TIM-3, PD-1,

CTLA-4, and LAIR-1. The results showed that compared to

PBS inoculated mice, relative expression levels of GITR, BTLA,

TIM-3, and PD-1 mRNA were significantly decreased on day 3

or 7 after infection in KI or KO mice with CA07 infection but

not in WT mice with CA07 infection, and their levels were

significantly higher in WT mice than in KI or KO mice

(Figures 5A–D). Whereas the relative expression levels of

CTLA-4 and LAIR-1 were increased on day 3 or 7 after
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infection in WT, KI, and KO mice, and their levels were

significantly higher in WT mice than in KI or KO mice on

day 7 after infection (Figures 5E, F). In addition, the correlation

analysis showed that mRNA expression levels of the 6

molecules presented a respectively positive correlation with

viral TICD50 in WT mice but a negative correlation with viral

TCID50 in KI or KO mice (Figure 6). However, only LAIR-1

presented a significant correlation in each lung tissues of WT,

KI, or KO mice with CA07 infection statistically (Figure 6A). In

addition, IHC results showed that LAIR-1 positive cells could

be seen in lung tissues of WT, KO, or KI mice with CA04

infection, and the positive cells were mainly distributed in an

inflammatory dense area. Given the comparison, more stained

cells were seen on day 7 after infection than on day 3 after

infection and in WT and KI mice than in KO mice on day 7

after infection (Figure 7).
BA

FIGURE 4

IFN-g and IL-17 levels in WT, KO, or KI mice sera. (A) The concentration of IFN-g tested by ELISA in sera of WT, KO, or KI mice infected with
CA04 on day 3 or 7 after infection, PBS inoculated mice were set as mock control. (B) The concentration of IL-17 tested by ELISA in sera of WT,
KO, or KI mice infected with CA04 on day 3 or 7 after infection, PBS inoculated mice were set as mock control. Unpaired t-tests were
performed to assess statistical significance, *P <0.05, **P <0.01, ***P <0.001 (two-tailed)..
BA

FIGURE 3

Viral load and HI antibody titer in mice with CA04 infection. (A) The viral TCID50 in lung tissues of CA04 infected WT, KI, or KO mice on day3 or
7 after infection, n=5 mice per group (mean ± SEM). (B) HI antibody titers in sera of CA04 infected WT or KI mice on day21 or 7 after infection.
Unpaired t-tests were performed to assess statistical significance, *P <0.05, (two-tailed).
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Discussion

The modulation of host factors involved in regulating viral

replication and/or injury or tissue recovery has been

demonstrated to be a potential strategy against viral diseases,

including influenza (13, 14). Whereas, CRP has been considered

a potential therapeutic target for inflammatory diseases,

including infections, since CRP bound to a multivalent ligand

can efficiently initiate the assembly of a C3 convertase through

the classical pathway and thus decorate the surface of the ligand

with opsonic complement fragments (6, 15, 16). However, the

detailed response pathway of CRP to the disease is still unknown,

although CRP is related to the outcome of severe influenza

disease and joined in the mediation of immunopathological

lesions (8, 17, 18).

Our data demonstrated that deficiency of CRP or human

CRP transgenic treatment aggravated influenza A virus infection

in mice, and deficiency of CRP resulted in a much more severer

outcome than human CRP transgenic treatment. Human CRP

transgenic mice have been demonstrated to be a good model for

studying the in vivo function of the protein (19) and have been

used to study infectious diseases (6, 20–25). Transgenic or

passively administered human CRP was protective against

lethal bacterial infection in transgenic mice (6). In contrast,

increasing studies have shown that excessively high CRP level

was a risk factor for virus infection’s severity or fatal outcome,

including influenza (8, 17, 26–28). Studies have demonstrated

that the antiviral immune response represents a balancing act

between the elimination of the virus and immune-mediated
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pulmonary injury (29). Our previous study showed that CRP

joined in mediating immunopathological lesions in severe

influenza (8). Hence, our results here indicated that CRP

might play an important role in the immune balance of

influenza infection, and the role may be a double-edged sword

in influenza infection, overexpression or deficiency of CRP

would be a disadvantage to the infection. Besides survival rate

and body weight loss, our results showed that human CRP

transgenic treatment or deficiency of CRP resulted in more

serious and extensive damage to the lung in mice with influenza

A infection on day 7 after infection, and human CRP transgenic

treatment increased the viral load in the lung of mice with

influenza A infection on day 3 after infection but decreased the

HI antibody titer in survivor on day 21 after infection. The

results indicated that deficiency of CRP or human CRP

transgenic treatment impacted the immune response

associated with tissue damage, viral clearance, and/or

antibody production.

Our results also suggested that deficiency of CRP or human

CRP transgenic treatment decreased or blocked the immune

response of IL-17 in influenza A infection. Studies showed that

IL-17 plays a critical role in mediating the recruitment of B cells

to the site of pulmonary influenza virus infection in mice (29)

and suggested that anti-IL-17A or anti-IFN-g treatment

attenuated the severity of immunopathology by influenza virus

(30, 31). However, studies also suggested that IL-17 plays a

crucial role in enhancing effective antiviral immune responses,

including the maintenance of tissue integrity and the generation

of protective immune responses to infectious microorganisms,
B C

D E F

A

FIGURE 5

The relative quantification level of checkpoint mRNA GITR (A), BTLA (B), TIM-3 (C), CTLA-4 (D), PD-1 (E), or LAIR-1 (F) in lung tissues of WT, KO,
or KI mice with CA04 infection on day 3 or 7 after infection. PBS inoculated mice were set as mock control. Unpaired t-tests were performed to
assess statistical significance, *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed).
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FIGURE 6

The correlation between relative quantification level of checkpoint mRNA LAIR-1 (A), CTLA-4 (B), PD-1 (C), TIM-3 (D), BTLA (E), GITR (F), and
viral TCID50 in lung tissue of WT, KO, or KI mice infected with CA04 on day 3 or 7 after infection. Pearson correlation analysis was performed.
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especially at epithelial barrier sites (32–34). Our results showed

that both deficiencies of CRP and human CRP transgenic

treatment decreased IL-17 response but had no influence on

IFN-g response in mice with influenza A infection, indicating

that IL-17 antiviral response was deficient or decreased in

influenza A infection in mice with deficiency of CRP or

human CRP transgenic treatment or.

We further analyzed the impact of CRP on the expression of

immune checkpoint molecules in lung tissues of mice with

influenza A infection because several immune checkpoint

molecules have been demonstrated to be crucial for

maintaining self-tolerance and for modulating the length and

magnitude of effector immune responses in peripheral tissues to

minimize tissue damage (35–37). In addition, studies of the

interplay between immune activation and suppression have

shown an important role for immune checkpoint molecules in

the pathogenesis of infectious diseases (37). In this study, our

results showed that, compared to WT mice, influenza A

infection resulted in decreased expression of checkpoint

molecules GITR, BTLA, TIM-3, PD-1, CTLA-4, and LAIR-1

in lung tissues of KI or KO mice on day 7 after infection, and

expression levels of these molecules presented a positive

correlation with viral TICD50 in lungs of WT mice but

negative correlation with TCID50 in lungs of KI or KO mice
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although the significant correlation was not observed in all them

(Figure 5 and Supplemental Figure 1). And the results showed

the only LAIR-1 presented significant correlation with viral

TCID50 in each infection of the three typed mice. The IHC

stains also showed that LAIR-1 positive cells were mainly

distributed in the inflammatory dense area of lung tissues in

WT, KO, or KI mice with CA04 infection. Studies showed that

LAIR-1 plays a role in regulating immune cells (38) and limits

neutrophilic airway inflammation as a functional inhibitory

receptor on airway-infiltrated neutrophils (39, 40). The results

indicated that deficiency of CRP or human CRP transgenic

treatment impacted the balance of immune regulation

by immune checkpoint molecules. In contrast, the

delicate immune balance is a key factor in maintaining normal

immune responses such as viral clearance (41), tissue tolerance,

antibody responses, and tissue repairment (29, 42, 43).

In summary, we observed the impact of human

CRP transgenic treatment and deficiency of CRP on the

pathogenicity of influenza A virus in mice and analyzed

immune factors associated with innate immune regulation in

those mice. Our results showed that both deficiencies of CRP

and human CRP transgenic treatment aggravated influenza A

infection in mice, and the aggravation may be owed to

imbalance immune regulation, including decreased antibody
FIGURE 7

LAIR-1 immunopathology of lung sections from WT, KO, or KI mice. Immunohistochemistry for LAIR-1 + pulmonary cells (black arrows) in
representative lung sections of WT, KO, or KI mice infected with CA04 on day 3 (A–C) or 7 after infection (D–F). PBS inoculated mice were set
as mock control (G–I). Original magnification: ×40 (A–F) or ×20 (G–I).
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response, IL-17 levels, and/or expression of several immune

checkpoint molecules.
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HSP90AA1 interacts with
CSFV NS5A protein and
regulates CSFV replication via
the JAK/STAT and NF-kB
signaling pathway

Chenchen Liu1,2, Wei Zhao3, Jia Su3, Xiaochun Chen3,
Feifan Zhao1,2, Jindai Fan1,2, Xiaowen Li1,2, Xiaodi Liu1,2,
Linke Zou1,2, Mengru Zhang1,2, Zilin Zhang1,2, Liangliang Zhang1,2,
Shuangqi Fan1,2, Yuwan Li1,2, Mingqiu Zhao1,2, Jinding Chen1,2*

and Lin Yi1,2*

1College of Veterinary Medicine, South China Agricultural University, Guangzhou, China, 2Key
Laboratory of Zoonosis Prevention and Control of Guangdong Province, Guangzhou, China, 3China
Institute of Veterinary Drug Control, Beijing, China
Classical swine fever (CSF), caused by the classical swine fever virus (CSFV), is a

highly contagious and fatal viral disease, posing a significant threat to the swine

industry. Heat shock protein 90 kDa alpha class A member 1 (HSP90AA1) is a

very conservative chaperone protein that plays an important role in signal

transduction and viral proliferation. However, the role of HSP90AA1 in CSFV

infection is unknown. In this study, we found that expression of HSP90AA1

could be promoted in PK-15 and 3D4/2 cells infected by CSFV. Over-

expression of HSP90AA1 could inhibit CSFV replication and functional

silencing of HSP90AA1 gene promotes CSFV replication. Further exploration

revealed that HSP90AA1 interacted with CSFV NS5A protein and reduced the

protein levels of NS5A. Since NS5A has an important role in CSFV replication

and is closely related to type I IFN and NF-kB response, we further analyzed

whether HSP90AA1 affects CSFV replication by regulating type I IFN and NF-kB
pathway responses. Our research found HSP90AA1 positively regulated type I

IFN response by promoting STAT1 phosphorylation and nuclear translocation

processes and promoted the nuclear translocation processes of p-P65.

However, CSFV infection antagonizes the activation of HSP90AA1 on JAK/

STAT and NF-kB pathway. In conclusion, our study found that HSP90AA1

overexpression significantly inhibited CSFV replication and may inhibit CSFV

replication by interacting with NS5A and activating JAK/STAT and NF-kB
signaling pathways. These results provide new insights into the mechanism

of action of HSP90AA1 in CSFV infection, which abundant the candidate library

of anti-CSFV.
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Introduction

Classical swine fever (CSF), caused by the classical swine

fever virus (CSFV), is a highly contagious disease in pigs (1), and

listed as a notifiable disease by the World Organization for

Animal Health (OIE) (2, 3). CSFV, which belongs to the genus

Pestivirus within the Flaviviridae family, is an enveloped virus

containing a single-stranded, positive-sense RNA genome of

approximately 12.3 kb (4, 5). The genome encodes a poly protein

that is processed into 4 structural proteins (C、Erns、E1 and

E2) and 8 non-structural proteins (Npro、p7、NS2、NS3、

NS4A、NS4B、NS5A and NS5B) by protease of the virus and

host cells (6, 7). These structural and non-structural proteins

have been proposed to play diverse roles in proliferation and

virulence. Among these proteins, the essential roles of NS5A

protein in regulation of viral replication are getting increasing

attention with the deepening of research.

CSFV NS5A protein consists of 496 amino acid (aa) residues,

with a molecule of mass 55 kDa (8, 9). In spite of the exact function

of NS5A is still unknown, many researches on it seem to imply that

the NS5A protein is an important tool of CSFV to generate a

favorable environment for viral replication. CSFV NS5A protein

could interact with a variety of host proteins. For instance, a few

studies indicate that NS5A protein interacts with eukaryotic

translation initiation factor 3 subunit E (eIF3E), ras-related

protein 18 (Rab-18), glucose-regulated protein 78 (GRP78), heat

shock protein 70 (Hsp70) and so on to facilitate viral replication

(10–13). Recent studies revealed that NS5A induces autophagy to

enhance replication of CSFV (14, 15). It has also been shown that

CSFV NS5A protein could inhibit the secretion of inflammatory

cytokines by suppressing the NF-kB pathway (16). Although the

effect of CSFV NS5A on type I IFNs pathway is not well

understood, sufficient studies have shown that many flaviviruses

NS5 have an antagonism of type I IFN (17). For example, Japanese

encephalitis virus (JEV) NS5 could competitively bind to the

nuclear transport proteins KPNA3 and KPNA4, which inhibited

the nuclear translocation of IRF3 and NF-kB, resulting in the

suppression of type I IFN (18). The NS5A protein of hepatitis C

virus (HCV) which also belongs to the Flaviviridae family,

suppresses type I interferon signaling and the phosphorylation of

STAT1 (19). Moreover, a study also reveals that binding of the NS5

to Hsp90 could disrupt the interaction of Hsp90 with Janus kinase

(JAK), which can help flaviviruses to broadly inhibit JAK/STAT

pathway (20).

As is well known, type I IFN (IFN-a/b) is one of the critical
lines of defense against viral infections widely (21, 22). IFN-

dependent anti-viral response, is initiated by intracellular

signaling cascade through the Janus protein kinase (JAK) family

members, JAK and Tyk2 (23, 24). The binding of type I IFNs with

the receptor (IFNAR) trigger JAK and STATs phosphorylation (25,

26). Subsequently, the phosphorylated STATs dimerize and

translocate to the nucleus where they bind to IFN-response

elements (ISRE) in ISG promoters to activate transcription of
Frontiers in Immunology 02
186
ISGs (24, 26, 27). The antiviral response induced by IFN/JAK/

STAT could prevent viral replication directly and quickly (28). ISGs

those are amplified effect factors of the IFN signaling cascades have

been proved to block various steps of the viral life (26, 29). These

ISG-encoded proteins could act directly on the virus to limit viral

infection (22, 29). For instance, IFN-a inducible Mx2 could inhibit

HBV replication and RNA transcription (30). Studies have shown

that ISG15, Mx1 and OAS could inhibit CSFV replication (31, 32).

NF-kB pathway also plays an important role in the control of

immunity, inflammation and other processes (33). The binding

of viral pathogen-associated molecular patterns (PAMPs) to

their receptor host pathogen recognition receptors (PRRs)

triggers natural immunity and activates IFN regulatory factor

(IRF) family members as well as NF-kB and thus promotes the

expression of downstream ISGs (34). The transcription factor

NF-kB proteins consist of the Rel family of proteins which

include RelA (P65), RelB, c-Rel, p105/p50 (NF-kB1) and p100/

p52 (NF-kB2) (35). In most resting cells, the NF-kB protein

binds to its inhibitory protein IkB and maintains inactive in the

cytoplasm (36). When is activated, the IkB phosphorylates and

degrads rapidly, which in turn exposes NF-kB to the nuclear

localization sequence (NLS) before translocating to the nucleus

to drive the corresponding gene transcription (33). Activation of

the NF-kB signaling pathway also play a key role to restrict virus

replication (37). Studies have shown that activation of NF-kB is

necessary for the generation of ROS to limit HSV-1 replication

(38), and may affect HBV viral replication levels by regulating

antiviral immunity (39). However, CSFV NS5A inhibits NF-kB
nuclear translocation and NF-kB activity (16).

Heat shock protein 90 (HSP90), which family includes

HSP90a, HSP90b, glucose-regulated protein 94 (GRP94) and

tumor necrosis factor receptor-associated protein 1 (TRAP1)

isoforms, is an essential molecular chaperon that is highly

conserved in evolution (40, 41). It is involved in diverse biological

processes such as virus infection, immune regulation, signal

transduction. (42, 43). Many viruses depend on cellular HSP90 to

complete their life cycles, especially depend on HSP90a and

HSP90b isoforms (44). Studies have revealed that HSP90 is vital

for the reverse transcriptase viability of Hepatitis B Virus (HBV),

which is essentially required to initiate and maintain HBV reverse

transcription (45, 46). In addition to direct binding to viral proteins,

HSP90 can also affect the viral infection by regulating the expression

of cytokines and antigen presentation (47). It is worth pointing out

that HSP90 is required by JAK and IKK to enhance kinase activity,

which promotes activation and nuclear translocation of STAT and

NF-kB (43, 48).

In previous studies, we found that HSP90AB1 interacts with

CSFV NS5A protein (15). However, it is currently unknown

whether one of the HSP90 family members, HSP90AA1, also

interacts with NS5A and the association of HSP90AA1 with

JAK/STAT and NF-kB affects CSFV replication. Therefore, we

sought to explore the regulatory effect of HSP90AA1 on JAK/

STAT and NF-kB in CSFV infection.
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Here, we found that there is a regulatory relationship

between CSFV infection and the expression of HSP90AA1.

The over-expression of HSP90AA1 inhibits CSFV replication.

Further, HSP90AA1 interacts with viral protein NS5A and

decreased the protein levels of NS5A. Mechanistically, our

results show that over-expression of HSP90AA1 could activate

JAK/STAT and NF-kB signaling pathways, which antagonize

CSFV infection. Thus, HSP90AA1 is a key host factor limiting

CSFV proliferation, it could interact with CSFV NS5A protein

and its upregulation could activate host cell antiviral responses.
Material and methods

Cells, virus, and plasmids

Porcine alveolar macrophages 3D4/2 were cultured in RPMI

1640 medium (Thermo Fisher, 11875500) with 10% fetal bovine

serum (FBS) (Thermo Fisher, 10100147). The swine kidney cell

line PK-15 (ATCC, CCL-33) and human embryonic kidney cell

line HEK293T (ATCC, CRL-1573) were cultured in Dulbecco’s

minimal essential medium (Thermo Fisher, 11965092) with 8%

FBS. All cells were cultured at 37°C in a 5% CO2 incubator. The

CSFV strain (Shimen) used in this study was stored in our

laboratory and was propagated in PK-15 cells. pMD18-T-NS5B,

p3×Flag-CMV10, pEGFP-C3, pEGFP-NS4A and pEGFP-NS5A

were deposited in our laboratory. Lipo3000 (Thermo Fisher,

L3000075) reagent was used for transient transfection of plasmids.
Virus titration by indirect
immunofluorescence assay (IFA)

The PK-15 cells were transferred to a 96-well plate, and CSFV

virus solution was inoculated when the mono-layer cells reached

70%~80% confluence. The CSFV virus solution was inoculated in

1.5 mL centrifuge tubes with DMEM for 10-fold serial dilution

(10-1 to 10-7), and 4 wells were repeated for each dilution.

IFA was used to determine CSFV titers in the culture

supernatant. With 48-hour post infection (hpi), cells were

washed three times with PBS and fixed with pre-chilled

absolute ethanol (200 mL/well) at -20°C for 20 minutes.

Following three washes with PBS, the cells were dried at room

temperature for about 10 min to completely evaporate the

absolute ethanol. The cells were incubated CSFV E2 antibody

(JBT, 9011) at 4°C overnight (in dilute E2 protein antibody with

PBS at a ratio of 1:200 (40 mL/well). After five washes, the cells
were incubated with FITC-labeled or Alexa488-labeled goat

anti-mouse IgG antibody (Beyotime, A0428) at 37°C for 1 h.

After five washes, Immunofluorescence was observed using a

fluorescence microscope (Nikon, Japan). Mock-infected cells

were used as controls to establish background staining levels.
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Quantitative real-time RT-PCR (qPCR)

The relative mRNA expression of HSP90AA1, ISGs and IFN-

a was tested by RT-PCR using specific primers (Table 1). Total

RNA from cells was extracted using Total RNA Kit I (OMEGA,

R6834) and Viral RNA extraction using Viral RNA Kit (OMEGA,

R6874). Subsequently, the cDNA was synthesized by reverse

transcription using the HiScript II Q RT SuperMix for qPCR

(Vazyme, R223-01). RT-PCR was performed with ChamQ

Universal SYBR qPCR Master Mix (Vazyme, Q711-02)

according to the manufacturer’s protocol. Relative quantification

of mRNA levels was conducted using DDCT method and b-actin
as an internal reference gene. Calculation of the gene copy

numbers of CSFV was carried out using the absolute

quantification method. A standard curve generated from the

amplification results of the standard (10-fold serial dilution of

the pMD18-T-NS5B plasmid of known concentration) was used

to calculate the CSFV gene copy numbers.
Western blot analysis

Cell lysates were prepared in radioimmunoprecipitation

(RIPA) (Beyotime, P0013) buffer with protease and phosphatase

inhibitor cocktail (Beyotime, P1050). The protein concentration

was determined with Pierce™ BCA Protein Assay Kit (Thermo

Fisher, 23225). The samples were separated by 10% or 12.5% SDS-

PAGE that prepared with PAGE Gel Rapid Prep Kit (Jacob

enzyme Biotech, PG112) followed by transfer onto

polyvinylidene difluoride (PVDF) membranes. After blocking
TABLE 1 Primers used in this study.

Primers Sequence (5’∼3’)

NS5B-F CCTGAGGACCAAACACATGTTG

NS5B-R GGCACCACACCTTCTACAACGAG

b-actin-F TCATCTTCTCACGGTTGGCTTTGG

b-actin-R CCTGACCCTCAAGTACCCCA

HSP90AA1-F CAGAGGCGGACAAGAACGACAAG

HSP90AA1-R GATCCTGTTGGCGTGCGTCTG

IFN-a-F CATCCTGGCTGTGAGGAAATA

IFN-a-R CAGGTTTCTGGAGGAAGAGAAG

Mx1-F GAACGAAGAAGACGAATGGAAGG

Mx1-R GATGCCAGGAAGGTCTATGAGG

OAS2-F CCAACGGACCCAACCAATAA

OAS2-R GTCCAGGTGACTCATTCAGAAA

ISG15-F CTGACCAGTTCTGGCTGACTTTCG

ISG15-R GCACATAGGCTTGAGGTCATACTCC

Flag-HSP90AA1-F ACGAATTCAATGCCCGAGGAAACCCA

Flag-HSP90AA1-R GCTCTAGACTAATCGACTTCCTCCATGCG

siHSP90AA1-F GGAUCUACAGGAUGAUCAATT

siHSP90AA1-R UUGAUCAUCCUGUAGAUCCTT
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with 5% skim milk at room temperature for 1 h, the membranes

were incubated with primary antibodies overnight at 4°C. Primary

antibodies used include mouse anti-HSP90AA1 monoclonal

antibody (mAb) (Santa Cruz, sc-515081), mouse anti-phospho-

STAT1 polyclonal antibody (pAb) (Santa Cruz, sc-136229),

mouse anti-tubulin mAb (Beyotime, AT819), mouse anti-Flag

mAb (Beyotime, AF5051), rabbit anti-GFP mAb (Beyotime,

AF1483), rabbit anti-STAT1 pAb (Beyotime, AF0288), rabbit

anti-phospho-JAK1 pAb (Beyotime, AF5857), rabbit anti-P65

mAb (Abmart, AF1234), rabbit anti-JAK1 mAb (Abmart,

AT8190), rabbit anti-IkBa mAb (Abmart, T55026S), rabbit

anti-phospho-IkBa mAb (Abmart, T57246S), rabbit anti-OAS2

pAb (Sangon Biotech, D121064) and rabbit anti-ISG15 pAb

(Sangon Biotech, D225264). After three washes with PBST, the

membranes were incubated with horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG (Beyotime, A0216) secondary

antibody at 37°C in a thermal shaker for 1 h. Finally, the results

were visualized by ECL chemiluminescence kit (Jacob enzyme

Biotech, SQ201) and X-ray film exposure (Tanon, China).
Plasmid construction and synthesis of
small interfering RNA

HSP90AA1 PCR amplification primers were designed

according to the HSP90AA1 sequence (NM_213973.2) published

by NCBI using Primer Premier 5. HSP90AA1 was amplified by

PCR fromPK-15 cells cDNA and cloned into p3×Flag CMV10. The

siRNA targeting HSP90AA1 and a negative control siNC were

designed and synthesized by Sangon Biotech. All primers and

sequence of siRNA were listed in Table 1.
Immunoprecipitation

The p3×Flag-HSP90AA1 was co-transfected into 293T cells

with pEGFP-NS5A or pEGFP-NS4A using Lipofectamine™

3000, respectively. Controls were represented by cells

cotransfected with p3×Flag-HSP90AA1 and pEGFP, p3×Flag-

CMV and pEGFP-NS5A. Cells were harvested at 24h after

plasmid transfection using Western blot and IP lysis buffer

(Beyotime, p0013) containing a protease inhibitor. After

centrifugation for 10 min at 4°C, a part of the supernatant was

boiled for 10 min with loading buffer (Beyotime, P0015L) as

whole cell extracts (Input). The remaining lysate, used for IP

experiment, was first incubated with Protein A+G at 4°C with

slow rotation for 4h, and then incubated with the corresponding

Flag or GFP antibody at 4°C overnight. After incubation,

samples were centrifuged at 4°C for 2 min (2000 g/min). The

supernatant was discarded and the precipitate was washed five

times with pre-cooled PBS. Finally, loading buffer was added to

the precipitate and boiled for 10 minutes to perform Western

blot experiments with the input samples.
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Confocal microscopy

The HEK-293T cells were cultured in laser confocal dishes to

60% confluence. The p3×Flag-HSP90AA1 was co-transfected into

293T cells with pEGFP-NS5A using Lipofectamine™ 3000,

respectively. While setting two controls: 293T cells respectively

cotransfected with p3×Flag-HSP90AA1 and pEGFP, p3×Flag-

CMV and pEGFP. After culturing for 24 h, the cells were washed

twice with PBS and fixed with pre-cooled absolute ethanol at room

temperature for 10 minutes. Absolute ethanol was discarded and

the cells were washed 3 times with PBS, then permeabilized with

0.1% Triton X-100 for 10 min at room temperature and discarded.

Cells were washed 3 times with PBS and incubated with goat anti-

mouse Flag antibody (Beyotime, AF5051) overnight at 4°C

(antibody was diluted 1:200 in PBS), then washed 3 times with

PBS and incubated with Cy3-labeled fluorescent secondary

antibody (Beyotime, A0521) at 37°C for 1 Hour. The nucleus was

counterstained with DAPI for 10min. Finally, anti-fluorescence

quencher was added dropwise to the cells. Observation of cell

fluorescence signals under a laser confocal microscope.

In the experiment of the effect of HSP90AA1 on the

phosphorylation and nuclear translocation of STAT1 and P65,

p3×Flag-HSP90AA1 was transfected into PK-15 cells and 3D4/2

cells. Primary antibodies include rabbit anti-p-STAT1 pAb (Bioss,

bs-3427R), rabbit-anti-p-P65 pAb (Affinity Biosciences, AF2006)

and mouse anti-Flag mAb. Fluorescent secondary antibodies

include FITC-labeled goat anti-mouse IgG (Beyotime, A0568)

and Cy3-labeled goat anti-rabbit IgG (Beyotime, A0516).
Results

CSFV infection Up-regulates
HSP90AA1 expression

To explore whether CSFV infection affects the expression of

HSP90AA1, CSFV-infected (MOI=1) and CSFV-uninfected PK-15

and 3D4/2 cells were harvested at 24 hpi and 48 hpi to detect the

mRNA and levels of HSP90AA1. The results showed that there was

a significant increase in mRNA and protein levels of HSP90AA1 in

PK-15 and 3D4/2 cells compared with control cells (Figure 1). The

results show that CSFV infection prompted HSP90AA1 expression.
HSP90AA1 overexpression decreases
CSFV replication

In order to determine the effect of HSP90AA1 on CSFV

replication, PK-15 and 3D4/2 cells was transfected with p3×Flag-

HSP90AA1andthen infectedwithCSFV(MOI=1).Thereplicationof

CSFVwas detected by qRT-PCR,Western blot and IFA, respectively.

The results showed that over-expression of HSP90AA1 inhibited

CSFV replication in PK-15 and 3D4/2 cells. (Figure 2).
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HSP90AA1 inhibition promotes
CSFV replication

To investigate whether silencing HSP90AA1 expression

affects CSFV replication, small interfering RNA targeting

HSP90AA1 (siRNA-HSP90AA1) was transfected into PK-15

and 3D4/2 cells and then the cells were infected with CSFV

(MOI=1). Similarly, the replication of CSFV was detected by

qRT-PCR, Western blot and IFA, respectively. The results

showed that silencing of HSP90AA1 gene function increased

CSFV replication in PK-15 and 3D4/2 cells (Figure 3).
HSP90AA1 interacts with CSFV
NS5A protein

Our previous works have found that CSFV NS5A protein

interacted with HSP90 by liquid chromatography-mass
Frontiers in Immunology 05
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spectrometry (15). Due to that HSP90AA1 was one of the

members of the HSP90 family, this study further confirms the

interaction of HSP90AA1 with CSFV NS5A protein. The results

of confocal laser microscopiclaser showed that CSFV NS5A co-

localized with HSP90AA1 in the cytoplasm in 293T, PK-15 and

3D4/2 cells (Figures 4A, C, D). And the results of co-

immunoprecipitation experiments showed that HSP90AA1

interacted with CSFV NS5A protein in 293T cells (Figure 4B).
HSP90AA1 reduces the protein levels of
CSFV NS5A

To investigate effects of HSP90AA1 on CSFV NS5A protein

levels, we co-transfected pEGFP-NS5A with different amounts of

p3×Flag-HSP90AA1 into PK-15 and 3D4/2 cells, and the cells

were harvested to assess protein levels of fusion protein EGFP-
A

B

FIGURE 1

CSFV infection Up-regulates HSP90AA1 expression. (A) HSP90AA1 mRNA relative levels in PK-15 and 3D4/2 cells was analyzed by qRT-PCR;
(B) Western blot showing HSP90AA1 protein expression and the relative protein levels of HSP90AA1 in PK-15 and 3D4/2 cells were estimated by
histograms representing density readings of the gel bands with Image J, and the ratios were calculated relative to Tubulin control. (*p < 0.05,
**p < 0.01 and ****p < 0.0001 calculated using two-way ANOVA, ns, not significant).
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NS5A by Western blot. Meanwhile, co-transfected NS4A was

used as a control. We found that the protein levels of NS5A

decreased gradually with the increasing expression of

HSP90AA1 in PK-15 and 3D4/2 cells without dose-dependent

inhibition of NS4A (Figure 5). It suggested that HSP90AA1 was

not required to maintain the stability of CSFV NS5A. On the

contrary, it can specifically reduce the protein levels of

CSFV NS5A.
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HSP90AA1 over-expression activates
STAT1 and P65

To study the effect of HSP90AA1 on JAK/STAT and NF-kB
signaling pathways, we detected the phosphorylation and nuclear

translocation of STAT1 and P65 in HSP90AA1-overexpressing PK-

15 and 3D4/2 cells by laser confocal microscopy. As a result, it was

observed that higher levels of p-STAT1 in HSP90AA1-
A

B

C

FIGURE 2

Over-expression of HSP90AA1 inhibits CSFV replication. (A) CSFV NS5B copy numbers were determined by RT-PCR at 24 and 48 hpi in
HSP90AA1-overexpression PK-15 and 3D4/2 cells. (B) Western blot for HSP90AA1 and CSFV Npro expression in HSP90AA1-overexpression PK-15
and 3D4/2 cells, and the relative protein levels of Npro in HSP90AA1-overexpression PK-15 and 3D4/2 cells were estimated by histograms
representing density readings of the gel bands with Image J, and the ratios were calculated relative to Tubulin control. (C) Infectious progeny
viral titers in supernatants from HSP90AA1-overexpressing PK-15 and 3D4/2 cells. Viral titers from the supernatants collected at 24 and 48 hpi
were determined and expressed as TCID50/ml. (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 calculated using two-way ANOVA.
ns, not significant).
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overexpressing PK-15 and 3D4/2 cells than that observed in control

cells. And p-STAT1 was mostly distributed in the nucleus of

HSP90AA1-overexpressing PK-15 while p-STAT1 in control cells

was mainly distributed in the cytoplasm (Figure 6A). In addition,

the nuclear distribution of p-P65 in HSP90AA1-overexpressing PK-

15 and 3D4/2 cells was more than that in control cells (Figure 6B).

These results indicated that HSP90AA1 over-expression promoted

nuclear translocation of p-STAT1 and p-P65.
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HSP90AA1 over-expression does not
promote the expressions of ISGs and
IFN-a under CSFV infection

To investigate the effect of HSP90AA1 on the regulation of

JAK/STAT and NF-kB pathways under CSFV infection, we first

analyzed the expression levels of ISGs and IFN-a in HSP90AA1-

overexpressing PK-15 and 3D4/2 cells which were infected with
A

B

C

FIGURE 3

Knockdown of HSP90AA1 promoted CSFV replication. (A) RT-PCR determined CSFV NS5B copy numbers at 24 and 48 hpi in HSP90AA1
knockdown PK-15 and 3D4/2 cells. (B) Western blot for HSP90AA1 and CSFV Npro expression in HSP90AA1 knock-downed PK-15 and 3D4/2
cells, and the relative levels of Npro in HSP90AA1 knock-downed PK-15 and 3D4/2 cells were estimated by histograms representing density
readings of the gel bands with Image J, and the ratios were calculated relative to tubulin control. (C) Infectious progeny viral titers in
supernatants from HSP90AA1-knockdown PK-15 and 3D4/2 cells. Viral titers from the supernatant collected at 24 and 48 hpi were determined
and expressed as TCID50/ml. (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 calculated using two-way ANOVA, ns, not significant).
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CSFV (MOI=1). The cells were harvested at 24 hpi and 48 hpi to

detect the mRNA relative levels of ISGs and IFN-a by RT-PCR.

The results showed that over-expression of HSP90AA1 could

significantly promote the expressions of ISGs (ISG-15, OAS2

and Mx1) in PK-15 and 3D4/2 cells and significantly promote

the expressions of IFN-a in 3D4/2 cells (Figure 7). However,

HSP90AA1 Over-expression does not promote the expressions

of ISGs under CSFV infection (Figure 7). This suggests that the

facilitation effect of HSP90AA1 on ISGs is diminished or even

disappeared after CSFV infection.
CSFV infection antagonizes the
activation of HSP90AA1 on JAK/STAT
and NF-kB pathway

To further verify the effects of HSP90AA1 on JAK/STAT

and NF-kB pathway under CSFV infection, we detected changes

in the levels of proteins related to above two pathways from

CSFV infection in HSP90AA1 over-expression or knock-down

PK-15 and 3D4/2 cells. The results showed that HSP90AA1

activated JAK/STAT pathway, while CSFV infection attenuates

activation of HSP90AA1 on JAK/STAT pathway (Figure 8).
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HSP90AA1 significantly promoted the phosphorylation of IkBa,
but had no significant effect on the protein expressions of P65

and IkBa, while CSFV infection inhibited the phosphorylation

of HSP90AA1 on IkBa (Figure 9). These results showed that

CSFV infection antagonizes the activation of HSP90AA1 on

JAK/STAT and NF-kB pathway. It is suggested that HSP90AA1

may inhibit CSFV replication via activating JAK/STAT and NF-

kB pathway.
Discussion

The production of type I IFNs are triggered by virus

infection, which in turn activates the synthesis of interferon-

stimulated genes to limit viral proliferation (49). The activation

of JAK/STAT and NF-kB signaling pathway plays a key role in

establishing the antiviral state (17, 29). However, CSFV

suppresses the production of type I IFN, which facilitates its

massive replication and persistent infection in tropic cells (15,

50). Moreover, like other members of the Flaviviridae family,

CSFV NS5A also plays a critical role in regulation of type I IFN

response (15, 16). In the current study, we found that

HSP90AA1 could inhibit CSFV replication as a host antiviral
A B

DC

FIGURE 4

Validation for the interaction of HSP90AA1 with CSFV NS5A protein. (A) Identification of the colocalization of HSP90AA1 with NS5A protein in
293T cells. 293T cells co-expressing pEGFP-NS5A and p3×Flag-HSP90AA1 were analyzed by laser-scanning confocal microscopy. 293T Cells
were co-transfected with pEGFP and p3×Flag-HSP90AA1 and pEGFP-NS5A with p3×Flag-CMV as negative controls. (B) Exogenous Co-IP
analysis of NS5A with HSP90AA1 in 293T cells. 293T cells were co-transfected with p3×Flag-HSP90AA1 and EGFP-NS5A. 293T Cells were co-
transfected with pEGFP and p3×Flag-HSP90AA1 and pEGFP-NS5A with p3×Flag-CMV as negative controls. (C, D) Identification of the
colocalization of HSP90AA1 with NS5A protein in PK and 3D4/2 cells. PK-15 and 3D4/2 cells co-expressing pEGFP-NS5A and p3×Flag-
HSP90AA1 were analyzed by laser-scanning confocal microscopy. PK-15 and 3D4/2 Cells were co-transfected with pEGFP and p3×Flag-
HSP90AA1 and pEGFP-NS5A with p3×Flag-CMV as negative controls.
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factor. Further research found that HSP90AA1 may inhibit

CSFV replication by inhibiting CSFV NS5A protein expression

in a dose-dependent manner and activating JAK/STAT and NF-

kB signaling pathway.
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The critical role of HSP90 in type I IFN response has been

well described (51, 52). HSP90 inhibition can lead to

dysregulation of JAK/STAT pathway activation and suppress

the activation of NF-kB (53, 54). Our results highlight that
A

B

FIGURE 5

HSP90AA1 reduces the protein levels of CSFV NS5A. (A, B) EGFP-NS5A or EGFP-NS4A protein expression in HSP90AA1-expressing PK-15 and 3D4/2 cells.
PK-15 and 3D4/2 cells were co-transfected with pEGFP-NS5A or EGFP-NS4A with a different amount of p3×Flag-HSP90AA1. Western blot analyzed EGFP-
NS5A or EGFP-NS4A protein expression at 24 hours post co-transfected. Tubulin served as an internal control. The relative levels of EGFP-NS5A or EGFP-
NS4A were estimated by histograms representing density reading of the gel bands with Image J, and the ratios were calculated relative to tubulin control.
(*p < 0.05, **p < 0.01 and ***p < 0.001 calculated using one-way ANOVA, ns, not significant).
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HSP90AA1 positively regulates type I IFN response by

promoting the stability of JAK, and STAT1 phosphorylation

and nuclear translocation processes. It also promotes the

activation of NF-kB signaling pathway. However, the

promotion of type I IFN and ISGs by HSP90AA1 was

inhibited in the CSFV-infected state. We hypothesize that

HSP90AA1 is not the main molecule for CSFV to escape

innate immunity, there are still other key proteins that help

CSFV to escape innate immunity, but HSP90AA1 is important
Frontiers in Immunology 10
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for establishing an intracellular antiviral immune state, which

helps to limit viral infection.

Like other members of the Flaviviridae family, CSFV

infection significantly inhibits the activation of the JAK/STAT

signaling pathway (50, 55). Although the mechanism of the

inhibition is not fully elucidated, many studies suggest that

flavivirus nonstructural protein NS5 plays an important role in

this process (56–58). Justin A. et al. proposed that the binding of

the flavivirus nonstructural protein NS5 to HSP90 resulting in
A

B

FIGURE 6

HSP90AA1 over-expression activates STAT1 and P65 in PK-15 and 3D4/2 cells. (A) HSP90AA1 over-expression affected the phosphorylation of
STAT1 and nuclear translocation of p-STAT1 in PK-15 and 3D4/2 cells were observed by laser confocal microscopy. (B) HSP90AA1 over-
expression affected the nuclear translocation of p-P65 in PK-15 and 3D4/2 cells were observed by laser confocal microscopy.
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an imbalance in JAK/STAT pathway signal transduction (20).

Our results show that HSP90AA1 is not necessary to maintain

NS5A stability, but rather dose-dependently inhibits the protein

levels of NS5A. It suggests that HSP90AA1 can act as a key host
Frontiers in Immunology 11
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restriction factor to limit CSFV replication by inhibiting the

CSFV NS5A protein.

It seems to be evident that HSP90 is able to enhance the

homeostasis of signal transduction proteins in stressful stress states
A

B

FIGURE 7

HSP90AA1 over-expression does not promote the expressions of ISGs and IFN-a under CSFV Infection. (A, B) Relative mRNA levels of ISGs and IFN-a in
PK-15 and 3D4/2 cells were determined by RT-PCR. Cells were transfected with p3×Flag-HSP90AA1 first and then infected with CSFV (MOI=1). Cells
were harvested at 24hpi and 48hpi. Total cellular RNA was extracted to determine relative mRNA expression levels of ISGs and IFN-a. (*p < 0.05, **p <
0.01, ***p < 0.001 and ****p < 0.0001 calculated using two-way ANOVA, ns, not significant)
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A

B

FIGURE 8

CSFV infection antagonizes the activation of HSP90AA1 on JAK/STAT pathway. (A, B) Western blot for JAK1, STAT1, p-JAK1, p-STAT1, OAS2,
ISG-15 and HSP90AA1 expression in HSP90AA1-overexpression or knock-downed PK-15 and 3D4/2 cells. Cells were infected with CSFV
(MOI=1) after transfection p3×Flag-HSP90AA1 or siHSP90AA1. The cells were not infected with CSFV as a control. Cells were harvested at 24hpi
and 48hpi served to Western blot. The relative levels of proteins were estimated by histograms representing density reading of the gel bands
with Image J, and the ratios were calculated relative to tubulin control. (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 calculated using
two-way ANOVA, ns, not significant).
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(42, 59). However, there are also distinct effects of HSP90 in

different viral infections. It has been shown that HSP90AA1 can

promote rabies virus (RABV) proliferation by binding to P protein

(60). Enterovirus 71 (EV71) in human rhabdomyosarcoma enters
Frontiers in Immunology 13
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cells by binding to HSP90b on the surface of cells and the

cytoplasmic HSP90b can prevent viral proteins from being

degraded by proteasome (61). However, our results revealed that

CSFV infection induces upregulation of HSP90AA1 expression and
A

B

FIGURE 9

CSFV infection antagonizes the activation of HSP90AA1 on NF-kB pathway. (A, B) Western blot for P65, p-IkBa and IkBa in HSP90AA1-
overexpression or knock-downed PK-15 and 3D4/2 cells. Cells were infected with CSFV (MOI=1) after transfection p3×Flag-HSP90AA1 or
siHSP90AA1, and the cells were not infected with CSFV as a control. Cells were harvested at 24hpi and 48hpi served to Western blot. The relative
levels of proteins were estimated by histograms representing density reading of the gel bands with Image J, and the ratios were calculated relative
to tubulin control. (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 calculated using two-way ANOVA, ns, not significant).
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that HSP90AA1 overexpression activates innate immunity to in

turn inhibit CSFV replication. We hypothesize that inhibition of

type I interferon response by CSFV infection may lead to the

accumulation of HSP90AA1, which has a regulatory effect on innate

immunity. Although upregulation of HSP90AA1 did not alter the

inhibition of the type I interferon response by CSFV, it may act as a

negative feedback signal to promote cell survival and protect cellular

proteins from the risk of damage. Moreover, our study found that

HSP90 is not essential for protein stabilization of CSFVNS5A of the

Flaviviridae family, but restricts CSFV infection by activating the

type I IFN signaling pathway. It shares similarities with the

involvement of HSP90 in the regulation of cellular and

inflammatory factors during flavivirus infection (20). It suggests

that the role of HSP90 in flavivirus infection may be specific. It

remains relevant to explore the important mechanisms of HSP90

action during flavivirus infection.

The important role of molecular chaperone proteins like HSP70

and HSP90 in viral infections has been studied extensively and heat

shock proteins are very conserved in evolution (62, 63). Therefore,

some researchers have also suggested that inhibitors of the above

two chaperone proteins can be used as broad-spectrum antiviral

drugs (64, 65). However, the mechanisms of regulation of viral

homeostasis and regulation of intracellular protein homeostasis by

molecular chaperones are complex and even opposite for different

viral infection processes. So, it is very necessary to investigate the

mechanism of interaction between heat shock proteins and

flavivirus proteins and the effects of the interaction on immune

and inflammatory. It can provide new ideas to elucidate the

molecular mechanism of viral infection and help to screening of

broad-spectrum anti-flavivirus drugs.
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Background: Metagenomic next-generation sequencing (mNGS) technology

has been central in detecting infectious diseases and helping to simultaneously

reveal the complex interplay between invaders and their hosts immune response

characteristics. However, it needs to be rigorously assessed for clinical utility. The

present study is the first to evaluate the clinical characteristics of the host DNA-

removed mNGS technology for detecting SARS-CoV-2, revealing host local

immune signaling and assisting genomic epidemiology.

Methods: 46 swab specimens collected from COVID-19 patients were assayed

by two approved commercial RT-qPCR kits and mNGS. The evolutionary tree

of SARS-CoV-2 was plotted using FigTree directly from one sample. The

workflow of removing the host and retaining the host was compared to

investigate the influence of host DNA removal on the performances of

mNGS. Functional enrichment analysis of DEGs and xCell score were used to

explore the characteristics of host local immune signaling.

Results: The detection rate of mNGS achieved 92.9% (26/28) for 28 samples

with a Ct value ≤ 35 and 81.1% (30/37) for all 46 samples. The genome coverage

of SARS-CoV-2 could reach up to 98.9% when the Ct value is about 20 in swab

samples. Removing the host could enhance the sensitivity of mNGS for

detecting SARS-CoV-2 from the swab sample but does not affect the species

abundance of microbes RNA. Improving the sequencing depth did not show a

positive effect on improving the detection sensitivity of SARS-CoV-2. Cell type
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enrichment scores found multiple immune cell types were differentially

expressed between patients with high and low viral load.

Conclusions: The host DNA-removed mNGS has great potential utility and

superior performance on comprehensive identification of SARS-CoV-2 and

rapid traceability, revealing the microbiome’s transcriptional profiles and host

immune responses.
KEYWORDS

mNGS, RT-PCR, SARS-CoV-2, the removal of host, traceability
Introduction

Infectious diseases have been, and still are, a leading cause of

human morbidity and mortality worldwide and are also a

tremendous challenge for the biomedical sciences. Accurate

and rapid diagnosis of infectious diseases will be of great

significance for reducing the medical therapies burden on

patients, straining the increasingly drug-resistant organisms

and standardizing antibiotic stewardship (1, 2). However,

clinical diagnosis of infectious diseases is often characterized

as complex and difficult for the following critical reasons: (a)

Many abnormal indicators caused by suspected infection may be

part of symptoms of complicated underlying disease; (b) The

human pathogens are so rich and diverse that it is difficult to

explicitly definite the species of the suspected pathogen.

Traditional diagnostic techniques in the microbiology

laboratory include culture techniques, detection of pathogen-

specific antibodies (serology) or antigens, and molecular

identification of microbial nucleic acids (DNA or RNA), most

commonly via PCR (3–5). However, these techniques detect

only one or a small number of pathogens in a given reaction (6).

Comprehensive screening of all species of pathogens is

extremely important for the precision diagnosis and therapy of

infectious disease and is also part of precision medicine, which

requires precision at all levels. Considering its paramount

clinical importance, improving microbiological diagnosis needs

more reliable detection technologies. In recent years, untargeted

metagenomic next-generation sequencing (mNGS) has emerged

as a promising technique because of its special strengths and

abilities for comprehensively detecting all pathogens in samples

(7–9). Compared with most traditional diagnostic techniques

that only target a limited number of pathogens using specific

primers or probes or specific antigens, metagenomic approaches

characterize all DNA or RNA present in a sample, enabling

analysis of the entire microbiome as well as the human host

genome or transcriptome in patient samples (3).

However, the clinical application of mNGS is still in its early

stages and is not yet routinely established in the clinical
02
202
environment. There are also no uniform criteria for pathogen

identification by mNGS because of its extremely high level of

complexity in the entire detection process (10). The draft

guidance issued by Food and Drug Administration (FDA)

points out exactly that the clinical performance characteristics

of NGS technology for microbial identification lie in its limit of

detection (LOD), inclusivity, interfering substances,

repeatability, cross-contamination and stability (11). These

indicators used to evaluate the detection performance of

mNGS require more comprehensive and in‐depth studies.

Emerging pieces of evidence demonstrated that mNGS could

yield a higher sensitivity for pathogen identification than

conventional culture-based techniques and has sensitivity

similar to specific PCR assays (12–14). Interestingly, unlike

current traditional diagnostic techniques, the sensitivity of

mNGS for pathogens detection is affected by a series of

variables: efficiency of nucleic acid extraction (bias toward some

species), pathogen genome size (at the same organism load, more

reads are generated from longer genomes), the robustness of

library preparation, the total number of sequences reads

generated from a given specimen (more reads ≈higher

sensitivity), specimen composition and background reads,

bioinformatics pipeline used for analysis (availability of

appropriate reference sequences in databases), sequence

similarity with related organisms (confident differentiation of

close relatives requires greater sequencing depth than the

identification of unique sequences), the accuracy of classification

algori thms, and required confidence for pathogen

identification (15).

For the reasons above, our present study aims to evaluate the

sensitivity of DNA-removed mNGS by detecting 46 swab sample

from patients with COVID-19 infection and comparing the

mNGS and two approved quantitative real-time PCR (qRT-

PCR). In addition, our results will also provide further insight

into understanding the superior performance of DNA-removed

mNGS in the comprehensive identification of the pathogen and

simultaneously reveal the transcriptional profiles of the

microbiome and host responses.
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Methods

Swab specimen collection from the
hospital in patients with COVID-19
infection

46 swab specimens were collected from inpatients diagnosed

with COVID-19 infection from Shijiazhuang People’s Hospital.

All patients were treated in isolation between January 2021 and

March 2021. This study has been approved by Shijiazhuang

People’s Hospital Ethics Committee. The Ethics Approval

Number: [2020]-046.
Nucleic acid extraction of
swab specimen

The nucleic acid was extracted from a 200µl swab sample

using an automatic nucleic acid extraction instrument (Smart

Lab Assist) and its supporting reagents (Taiwan Advanced

Nanotech, Taiwan, China) according to the manufacturer’s

protocol. Isolated nucleic acid was eluted in a 50µl elution

buffer. Then, 33µl nucleic acid from each swab sample was

used to performed the mNGS assay, and 5µl was performed for

qRT-PCR detection by using two commercial RT–PCR kits-

DAAN and BioGerm, which have been both approved by the

China National Medical Products Administration (NMPA).
SARS-CoV-2 detection by two different
clinical RT-PCR kits

The primers of two RT–PCR kits were both targeted to the

regions of the SARS-Cov-2 N gene and ORF1ab gene. According

to the judgment criteria of two RT–PCR kits, cycle threshold

(Ct) values below 40 were regarded as positive and above 40

as negative.
The schematic flow of mNGS detection

The detection process of untargeted host-removed mNGS is

as follows. (a) After extracting the nucleic acid from the swab

specimen, 33µl nucleic acid of each sample was mixed with 3uL

DNA enzyme and DNA enzyme buffer to digest DNA and

enrich RNA. (b) Reverse transcription and cDNA synthesis. (c)

cDNA library preparation using the PMseq RNA infectious

pathogens high throughput detection kit (probe anchored

polymer sequencing method) (Green Pine Capital Partners Co.

LTD, Wuhan, China). The qualification of the cDNA libraries

concentration was quantified using the Qubit4.0. (d) The DNB

(DNA nano ball) was prepared after the qualification of cDNA
Frontiers in Immunology 03
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libraries and then loaded into the sequencing chip. (e)

Sequencing was performed on the MGSEQ-2000 platform

(MGI Tech Co., Ltd. Shenzhen, China, https://en.mgi-tech.

com/about/). The sequence was generated with a single-end,

50 bp size reading (SE50). We defined samples with positive

SARS-CoV-2 results when the specific reads of SARS-CoV-2

detected from samples was greater than or equal to 1. Specific

reads of SARS-CoV-2 were those mapped exclusively to SARS-

CoV-2 species, to discriminate those aligned to other species.
Bioinformatic analysis

After the sequencing was completed, we first removed

adaptor sequences from raw reads and discarded low-quality

reads. Then, two different bioinformatics analysis workflows

were performed to analyze the transcriptome sequence profile

of human and the sequence information of microbial species in

swab samples, respectively. For microbiota analysis workflow,

the sequences aligned to the human reference genome were

removed, followed by comparing the microbiota sequences with

the reference genome sequences in the database to determine the

microbial species information. The sequence of SARS-CoV-2

was extracted and used to assemble the viral genome, followed

by aligning the full genome sequences with reference genomes

derived from NCBI. Then the phylogenetic trees were

constructed using the Maximum Parsimony method included

in evolutionary tree analysis software MEGA based on the 50

optimum alignment genomes. For analysis workflow of human

transcriptome sequence, we screened raw data to make clean

data by removing contaminants, adaptors, low-quality reads

using the Trimmomatic program (version.0.39) (https://github.

com/timflutre/trimmomatic), which removed the leading and

trailing low-quality bases below quality 3 or N bases, cut the

sliding window which average quality per base drops below 15,

and dropped reads below the 36 bases long. A quality control

using FastQC was performed on the reads (https://www.

bioinformatics.babraham.ac.uk/projects/fastqc/, v0.11.9). Then,

sequences were aligned to the reference human genome version

GRCh38 (Gencode, version 39) (15). Transcript abundance was

computed using Salmon version 1.8.0 (16).
Data analysis and statistics

Data analyses were performed using R statistical language

(version 4.1.0) and Origin 2018 64Bit. Comparison of the test

results between the host removed and the host retained

workflow was tested using two-tailed paired t-test. GO

enrichment is visualized using the GOplot R package.

Differential gene expression and signature enrichment analysis

were performed using a two-sided Wilcoxon rank sum test, and

statistical significance was defined as P <0.05.
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Results

Compared with two approved RT-qPCR
kits, mNGS presented credible sensitivity
for detecting SARS-CoV-2 from
swab samples

To strengthen the reliability of the results, we compared the

detection rate of mNGS for detecting SARS-CoV-2 with two

approved commercial RT-qPCR kits, both approved by NMPA

and widely used for risk screening of COVID-19 in the majority

of health care institutions across China. The detailed results of

46 swab samples derived from mNGS and two RT-qPCR

detections are given in Supplementary Table 1. Among 46

swab samples from 46 hospitalized patients, the result of the 9

sample (Samples 38-46) was simultaneously confirmed to be

negative by two different RT-PCR kits based on the judging

criteria; the remaining 37 samples were confirmed to be positive.

As shown in Figure 1, among 37 samples that showed positive

RT-PCR results, 30 (30/37, 81.1%) samples were found the

SARS-CoV-2 sequences (reads≥1) and were considered to be

consistent with the results of RT-PCR assays; residual 7 (7/37,

18.9%) samples with positive RT-PCR results fail to detect the

SARS-CoV-2 sequence. Notably, for RT-PCR positive samples

with Ct value ≤ 35, the positive rates of mNGS was 92.9%

(26/28).
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The relationship between the total
reads and the genome coverage of
SARS-CoV-2

Recent advances in next-generation sequencing (NGS)

technologies have markedly increased the amount of data

(=Total reads, 1M=107reads) produced by a single sample in

each test and significantly reduced the sequencing cost.

However, almost no previous research has elucidated the

clinical and research significance of increased total data

amount. In this study, we first revealed the relationship

between the amount of data (total reads) and the genome

coverage of SARS-CoV-2. The 30 samples with positive mNGS

results were ranked according to the detection reads of SARS-

CoV-2. The result is consistent with the theory, which suggests

that the genome coverage of SARS-CoV-2 increases with the

increasing reads of SARS-CoV-2. However, it was unexpected

that the genome coverage of SARS-CoV-2 could reach up to

98.9% when the reads number of SARS-CoV-2 was 5653 in the

sample, corresponding to the Ct value of approximately

20 (Figure 2A).

Next, the sample with the highest coverage (98.9%) of

SARS-CoV-2 was conducted genome assembly using MUSCLE

(http://www.ebi.ac.uk/Tools/msa/muscle/). The assembled

contigs sequence was aligned with the online NCBI alignment

tools to obtain the 50 optimal genome alignment. Then,
FIGURE 1

Results comparison between mNGS and two approved RT-qPCR methods. From left to right, the 37 samples were sorted according to the Ct
value of N gene from DAAN (red curve). From top to bottom are the host reads, the percentage of host read in each sample, microbes read in
each sample, detection read number of 2019-nCoV, Ct values of two RT-PCR kits and total reads (including the reads from host and microbes
in swab sample) generated from each sample.
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phylogenetic trees were constructed using the MEGA software to

explore their evolutionary relationship in terms of geographical

locations. The genomic epidemiology analysis showed that our

sample-GenomenCoV5653 presents a close orthologous

relationship with the genomes of the viruses from

Germany (Figure 2B).
Comparison results from the workflow
of removing host and workflow of
retaining host

As an unbiased detection method, mNGS could efficiently

detect all RNA in the sample without bias, including all RNA

from microbes and hosts. Removing the host DNA could

theoretically improve the sensitivity of this technique for the

analysis of all RNA in the sample. However, little evidence exists

to demonstrate whether such removal of host DNA will cause

the loss of part of RNA form viruses, microbes, and hosts in the

sample. Given this, our study represents the first investigation of

the efficacy and influence of host DNA removal for analyzing all

RNA in the sample. Eight samples were selected and

simultaneously performed the remove host and retain host

process. As shown in Figure 3, the procedure of removal host

can significantly improve the detection read number of 2019-

nCoV (Figure 3A) and decrease the host rate (Figure 3B) in all 8

samples when comparing the procedure of retaining the host

(p<0.05). In contrast, the microbes’ reads (Figure 3C) and the

host reads (Figure 3D) do not present the same changing trend

after removing the host for an identical sample (ns: no

significance). These results demonstrate that the removal of

the host could enhance the sensitivity of mNGS for detecting

SARS-CoV-2 from swab sample
Frontiers in Immunology 05
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Removing the host does not affect the
species’ abundance of microbes RNA

To enhance the sensitivity of untargeted mNGS for detecting

and analyzing the RNA from viruses and transcriptomic

information from hosts and microbes, our study removed host

DNA by introducing DNA enzymes before library preparation.

We have demonstrated that the removal of host DNA positively

affects the detection of virus RNA in the sample based on the

result above. However, it is unclear that whether this method will

cause the untargeted degradation of microbes’ RNA and

influence the microbe species’ abundance based on the

analysis of microbes’ RNA. Given this, our study first

compared species abundance in removing host DNA and

retaining host DNA at the RNA level in eight pairs of samples.

Our results found that the species, proportion, and abundance of

microbe in removing and retaining host DNA were almost

identical (Figures 4A–F) (Figures S2A, B), demonstrating that

the removal of the host does not affect the species abundance of

microbes RNA.
Improving the sequencing depth did not
show a positive effect on improving the
detection sensitivity of SARS-CoV-2

Our study first explored the relationship between the

sequencing depth and the detection sensitivity of SARS-CoV-2

based on untargeted host-removed mNGS technology. 25

samples were selected and assayed using two or more different

sequencing depths (M), the relevance between sequencing

depths and SARS-CoV-2 detection reads was exhibited in

Figure 5. The SARS-CoV-2 detection reads of 7 samples
FIGURE 2

The genome of SARS-CoV-2 analysis based on mNGS. (A) The genome coverage of SARS-CoV-2 increases with the increasing reads of SARS-
CoV-2. (B) The evolutionary tree analysis between our sample-GenomenCoV5653 and the 50 optimal genome alignment from NCBI.
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(Figures 5A–G) showed low a Ct value at around 40 based on

RT-PCR were consistently negative (y=0) for mNGS, even when

the sequencing depths were improved up to sixfold for Sample-

34 (Figure 5F). Only one sample witch from negative (y=0) to

positive (y=1) (Figure 5H). Further investigations on 17 samples

with positive results for mNGS detection showed that there was

only slight improvement in SARS-CoV-2 detection read even

when the sequencing depths were enhanced for several folds

(Figures 5I–Y). To some extent, these results demonstrate that

the enhancement of sequencing depths will not yield much

improvement for SARS-CoV-2 detection reads.
Determining the compositions of both
the fungal and bacterial communities by
untargeted host-removed mNGS

Another important aspect of data analysis of such

metagenomic data from untargeted host-removed mNGS is

determining the microbial composition and quantifying the

microbial abundances based on the metagenomic sequencing

data. Until now, most studies have determined respiratory

microbial composition using 16S ribosomal DNA (16S rDNA)

gene sequencing, whether the host-removed mNGS possess the

same utility has not yet been fully explored. The entire sequence
Frontiers in Immunology 06
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alignment from all 37 samples is presented in Figures 6A, B, we

found that the bacterial community structures determined by

mNGS were highly abundant with various bacterial, fungal and

bacterial species. More importantly, mNGS can comprehensively

reveal the normal upper respiratory tract flora, such as Veillonella,

Actinomyces, Streptococcus and Prevotella, all recognized as oral

commensals (Figure 6A) (17, 18). Malassezia, a dominant fungal

genus on the human skin and upper airways of most healthy

people and related to human autoimmunity and skin diseases

(19–21), was detected in all samples. Aspergillus species, one of

the most common pathogenic fungi causing upper and lower

airway disorders, was also detected in all samples (Figure 6B) (22).

These results demonstrated that the bacterial and fungal

community structures revealed by mNGS are similar to the

microbial communities commonly reported in previous studies

based on other technologies like 16S rDNA gene sequencing.
Functional enrichment analysis of DEGs
and xCell score between patients with
high and low virus load

Taking the CT value of 35 as the critical point, a total of 462

differentially expressed genes (DEGs) were identified between

patients with high and low CT values of SARS-CoV-2, including
A B

DC

FIGURE 3

Comparison results from removing host and retaining host workflow. (A) Removing the host significantly improved the detection read number of
2019-nCoV (p<0.05). (B) Removing the host decreased significantly the host rate in the swab sample (p<0.05). (C, D) Removing the host on the
detection reads of microbes reads and the host reads varies in different samples. RPM: Numbers of mapped reads per million; ns: no significance.
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127 up-regulated and 335 down-regulated genes (Figure 7A). To

determine the functional annotation of the DEGs between

patients with high and low CT values of SARS-CoV-2, we

performed the Gene Ontology (GO) analysis and presented

the expression levels of genes in each term in a GO circle plot

using the R package GO plot. Based on GO enrichment analysis,

DEGs were divided into the three principal GO organization

categories: biological process (31 genes) (Figure 7B), cellular

component (25 genes) (Figure 7C), and molecular function (31

genes) (Figure 7D). Next, we analyzed the xCell score using the R

package ‘xCell’ (https://github.com/dviraran/xCell). xCell is a

newly published method based on ssGSEA that estimates the

abundance scores of 64 immune cell types, including adaptive

and innate immune cells, epithelial cells, hematopoietic

progenitors, and extracellular matrix cells. Based on the

comparison between 18 patients with high viral load and 19

patients with low viral load, we found that the cellular

proportions of CD4+ memory T cells, CD8+ naive T cells,

CD8+ T cells, Fibroblasts, HSC, Microenvironment Score and

Stroma Score in patients with low viral load were significantly

higher than that in patients with high viral load; while the

Sebocytes have a higher proportion in patients with high viral

load (p<0.05) (Figure 7E) (Supplementary Figure S1).
Discussion

mNGS is a revolutionary diagnostic tool capable of

simultaneously detecting all microbial and host gene
Frontiers in Immunology 07
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expressions. However, it is not very clear what the sensitivity

level of this technology is compared with traditional detection

methods, especially PCR. In the present study, we systematically

evaluated the sensitivity of untargeted host-removed mNGS

between the mNGS and two approved qRT-PCR methods.

Further series analyses revealed that mNGS have superior

performance in the comprehensive identification of the

pathogen and simultaneously reveal the transcriptional profiles

of the microbiome and host responses.

In recent years, mNGS has emerged with more rapid and

accurate diagnostic advantages than traditional methods,

especially in culture-negative samples. The sensitivity of

mNGS varies in different kinds of pathogens, and while

many studies have demonstrated that mNGS is more

sensitive than conventional culture (9, 23, 24), there has not

been fully proven that whether mNGS could yield high

sensitivity than qPCR, which is widely considered as the

high-sensitivity. To stringently evaluate the sensitivity of

mNGS, 37 samples confirmed to be positive by two different

RT-PCR kits simultaneously were used to assayed by mNGS.

Results showed that the detection rate of mNGS achieved

92.9% (26/28) for 28 samples with Ct value ≤ 35 and 81.1%

(30/37) for all 37 samples (Figure 1), this compliance was

similar to other studies (25). A recent study demonstrated that

the infectious virus will no longer be isolated from the patients

with Ct value of qPCR>35 and there was no viral shedding

from infectious patients when the Ct value was>28 (26). In

view of this, the detection rate of mNGS would meet clinical

need and diagnosis of COVID-19.
A B

D E F

C

FIGURE 4

Removing host DNA detection workflow show identical species abundance of bacteria with the workflow of retaining host DNA and will not
cause the loss of RNA from bacterial species. (A-F) Eight samples simultaneously performed the workflow of removing and retaining host DNA
and compared the bacterial species composition between the two workflows.
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Recent advances and the growing popularity of mNGS have

enabled the rapid identification and traceability of emerging

infectious diseases in basic medical institutions or medical

laboratories worldwide. The three major pathogenic human

coronaviruses (CoVs) are the SARS-CoV, the Middle East

respiratory syndrome (MERS)-CoV and SARS-CoV-2 (27).

The nucleotide sequence of SARS-CoV-2 is ∼79% similar to

SARS-CoV-1 and about 50% with MERS-CoV (Middle East

respiratory syndrome coronavirus) (28). In addition, SARS-

CoV-2 is genetically very similar to other Coronaviruses (29),

so fully understanding its RNA sequence is the key to identifying

SARS-CoV-2, especially in the early stage of the epidemic. Our

research demonstrated that the mNGS can could not only

accurately diagnose COVID-19, but also simultaneously

achieve traceability at the first time point.

The sensitivity of mNGS for detecting pathogen-derived

genomes could be improved by increasing sequencing depth or

decreasing the high human host DNA background (8).

However, the effect of the removal of host cell-derived

nucleic acids is still controversial, especially for samples with

low microbial content, the removal of human host DNA

background can significantly reduce the detection rate of

target microorganisms (30). Different strategies of host

removal may cause different outcomes for various pathogens;

further research with larger sample sizes is needed to define its

clinical utility. Our data provided the first evidence that
Frontiers in Immunology 08
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removing human host DNA can improve the detection

sensitivity for SARS-CoV-2 in swab samples (Figure 3A).

More interestingly, our study also first demonstrates that the

removal of the host does not affect the species abundance of

microbes reflected by mNGS (Figure 4), indicating that this

method can be reliably used to study the microbiome

community structure and function.

Hospitalized COVID-19 patients often present with a large

spectrum of clinical pictures—from only mild upper respiratory

symptoms to severe disease characterized by pneumonia, acute

respiratory distress syndrome, and even diverse systemic effects

impacting various tissues (31). How infection influences spread

from the upper respiratory tract to the lower respiratory tract

and cause respiratory failure remains incompletely understood.

Recently, an increasing number of researchers are starting to

focus on studying the host local immune characteristics related

to the SARS-CoV-2 infection based on detecting and analyzing

the nasopharyngeal samples from COVID-19 patients (32, 33).

It has been demonstrated that SARS-CoV-2 infection can induce

unique host immune responses different from infection caused

by other respiratory viruses (34, 35). Similar result was also

confirmed with the data in our study, which found that there are

462 DEGs between patients with high and low CT values of

SARS-CoV-2 (Figure 7A).

Further GO enrichment analyses showed that the BP clusters

were primarily enriched in functions related to the induction of
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FIGURE 5

The relationship between the sequencing depth and the detection sensitivity of SARS-CoV-2 based on untargeted host-removed mNGS
technology. (A-Y) 25 samples were assayed by mNGS using sequencing depth, respectively.
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the inflammasome pathway including granulocyte migration,

neutrophil migration, granulocyte chemotaxis and myeloid

leukocyte migration (Figure 7B). In view of the above series of

analysis results, we speculated that differentiating protective host

mechanisms might support rapid viral clearance or spread from

limited local nasopharynx infection to severe and fatal outcomes.

In addition, local nasopharyngeal immune microenvironment

analysis also indicated that patients with low viral load presented
Frontiers in Immunology 09
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more intense immune responses than patients with high viral

load (Figure 7E). This result may also suggest that the host

transcriptomic profiling of the host, utilized alone or in

combination with the detection results of SARS-CoV-2 from

qRT-PCR, is characterized by the ability to establish close

connections between viral load and host immune response in

the nasopharynx. However, the limitation of this study was the

small number of subjects. Future research with larger sample
A

B

FIGURE 6

Untargeted host-removed mNGS accurately revealed the compositions of both the bacterial and fungal and bacterial communities. The
bacterial (A) and fungal (B) with abundance greater than 1% were presented, and less than 1% of the total abundance were combined into the
“Other <1%” category.
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sizes is needed to investigate the relationship between viral load

and host immune characteristics and identify biomarkers from

the point of view of the human host for distinguishing the degree

of infection progress.
Frontiers in Immunology 10
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In summary, our study offered the first comprehensive

description of the practical application and value of untargeted

host-removed mNGS for SARS-CoV-2 identification, as well as a

comprehensive analysis of the genomic epidemiology of SARS-
A B

D

E

C

FIGURE 7

Local nasopharyngeal immune microenvironment analysis between high and low virus load patients. (A) Differentially expressed genes (DEG) by
volcano diagram. (B) Functional enrichment analysis of the biological process (BP) (C) Functional enrichment analysis of cellular component
(CC). (D) Functional enrichment analysis of molecular function (MF). (E) xCell immune score identifies the difference in abundance scores of 64
immune cell types between patients with high and low viral load.
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CoV-2 and the transcriptional profiles of the host responses and

microbiome, simultaneously.
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Machine learning links different
gene patterns of viral infection
to immunosuppression and
immune-related biomarkers in
severe burns

Peng Wang1†, Zexin Zhang2†, Rongjie Lin3†, Jiali Lin4,
Jiaming Liu1, Xiaoqian Zhou1, Liyuan Jiang1, Yu Wang1,
Xudong Deng1, Haijing Lai1 and Hou’an Xiao1*

1Department of Burns and Plastic and Cosmetic Surgery, Xi’an Ninth Hospital, Xi’an, China,
2Department of Burns and Plastic and Wound Repair Surgery, Xiang’an Hospital of Xiamen
University, School of Medicine, Xiamen University, Xiamen, China, 3Department of Orthopedics,
900th Hospital of Joint Logistics Support Force, Fuzhou, China, 4Obstetrics and Gynecology
Hospital, Institute of Reproduction and Development, Fudan University, Shanghai, China
Introduction: Viral infection, typically disregarded, has a significant role in

burns. However, there is still a lack of biomarkers and immunotherapy targets

related to viral infections in burns.

Methods: Virus-related genes (VRGs) that were extracted fromGene Oncology

(GO) database were included as hallmarks. Through unsupervised consensus

clustering, we divided patients into two VRGs molecular patterns (VRGMPs).

Weighted gene co-expression network analysis (WGCNA) was performed to

study the relationship between burns and VRGs. Random forest (RF), least

absolute shrinkage and selection operator (LASSO) regression, and logistic

regression were used to select key genes, which were utilized to construct

prognostic signatures by multivariate logistic regression. The risk score of the

nomogram defined high- and low-risk groups. We compared immune cells,

immune checkpoint-related genes, and prognosis between the two groups.

Finally, we used network analysis and molecular docking to predict drugs

targeting CD69 and SATB1. Expression of CD69 and SATB1 was validated by

qPCR and microarray with the blood sample from the burn patient.

Results: We established two VRGMPs, which differed in monocytes,

neutrophils, dendritic cells, and T cells. In WGCNA, genes were divided into

14 modules, and the black module was correlated with VRGMPs. A total of 65

genes were selected by WGCNA, STRING, and differential expression analysis.

The results of GO enrichment analysis were enriched in Th1 and Th2 cell

differentiation, B cell receptor signaling pathway, alpha-beta T cell activation,

and alpha-beta T cell differentiation. Then the 2-gene signature was

constructed by RF, LASSO, and LOGISTIC regression. The signature was an

independent prognostic factor and performed well in ROC, calibration, and
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decision curves. Further, the expression of immune cells and checkpoint genes

differed between high- and low-risk groups. CD69 and SATB1 were

differentially expressed in burns.

Discussion: This is the first VRG-based signature (including 2 key genes

validated by qPCR) for predicting survival, and it could provide vital guidance

to achieve optimized immunotherapy for immunosuppression in burns.
KEYWORDS

burn, immunosuppression, machine learning, prognostic model, virus infection
Introduction

According to the Global Burden of Diseases, Injuries, and Risk

Factors Study, there were approximately 8.4 million burn

incidents worldwide in 2019, resulting in 110,000 deaths (1).

Burn emergency techniques have advanced significantly over the

past 20 years, bringing about a significant reduction in burn

mortality, but the burden of infection remains high (2). Infections

are triggered by the accompanying immunosuppression in

burn patients. Most studies focused on infections including the

bacterial ones primarily caused by Pseudomonas aeruginosa or

Klebsiella pneumonia. However, burn wounds are also highly

susceptible to viral infections mainly due to the impaired

immune responses and functions of the immune cells within the

wound micro-environment (3).

Herpes simplex virus (HSV), varicella-zoster virus (VZV),

cytomegalovirus (CMV), human papillomavirus (HPV), and

Epstein-Barr virus (EBV) are common pathogens in burn

patients with a viral infection which are mainly latent

infections (3). Post-burn immunosuppression is a common

pathological process, and immunosuppression increases the

risk of viral reactivation. In addition, viral infections can

weaken the body’s immunity, leading to increased bacterial

susceptibility (4). Viral infection is hard to detect because

blisters and skin damage make the skin symptoms of viral
Ps, VRGs molecular
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distribution function;

Enrichment Analysis;
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infection unobvious. In addition, severe viral infection can lead

to liver failure and severe encephalitis, easily misdiagnosed as

multiple organ failure in severe burns (5–7). Although viral

infection is vital to prognosis, there is still a lack of prognostic

and therapeutic biomarkers related to viral infection. It is of

great value to study viral markers.

Current prognostic indicators have some limitations. Total

body surface area (TBSA) is the most common indicator, but it

ignores age and gender and cannot accurately assess complex

complications such as inhalation injury (8). The ABSI and Baux

scales are used at the beginning of the burn, which cannot

dynamically track the progression, and cannot evaluate the state

of inflammation and the patient’s immune function (9). Some

inflammatory mediators and cytokines such as IL-1, IL-6, IL-8,

MCP-1, and GCS-F reflect inflammation and immune function,

but are still limited (10). Immunosuppression and infections are

responsible for the deaths of more than 60% of patients (11, 12).

Therefore, developing new markers related to immune function

and prognosis is necessary. With the advancement of artificial

intelligence and medical big data technology, machine learning

has become part of precision medicine to validate therapeutic

and prognostic biomarkers (13–15). Based on transcriptome

data, unsupervised consensus clustering has been used to reveal

different patterns in diabetes and cardiovascular disease (16–18),

which can be used to search for similarity and heterogeneity

between transcriptome data and to divide samples into groups

with different prognostic clusters (14, 19–21). Random forest

and LASSO are machine learning algorithms that can screen out

biomarkers related to the prognosis of many genes, and have

been used to screen key genes for cardiovascular diseases and

other diseases (22–24). Conjoint analysis of multiple machine

learning methods can improve the accuracy of prognostic

biomarkers. Therefore, combining transcriptomic data and

machine learning techniques is promising for developing new

prognostic markers for severe burns.

This study used VRGs as hallmarks to identify patients

grouped by two different VRGMPs by consensus clustering.

Function and immune infiltration analysis between groups were
frontiersin.org
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assessed from four aspects: immune infiltration analysis,

immune score, enrichment analysis, and clinical features. Next,

in WGCNA, we identified gene sets associated with VRGMPs.

The functions of these genes were fully assessed by network

analysis and enrichment analysis. Further, we used RF and

LASSO regression to screen for key genes associated with

prognosis and constructed a nomogram by multivariate

logistic regression to divide patients into high- and low-risk

groups. Finally, we assessed differences in immune cells and

checkpoints between patients in different risk groups and

predicted potential drugs targeting key genes by molecular

docking. The experimental process is shown in the flow

chart (Figure 1).
Methods

Data acquisition and processing

The blood samples of burn patients were downloaded from

the GEO database (GSE19743, GSE77791, and GSE37069). The

patients aged 18-55, total body surface area (TBSA) >25% and

sampling time after burning 7-30 days were included. Data

preprocessing included transforming gene probes into gene

symbols, data consolidation, and batch normalization. Probes

without gene symbols or genes with more than one probe were

deleted or averaged, respectively. The merged data was

prepossessed by the SVA package in R software (version 4.0.5)

to remove batch effects (25).
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VRGs were selected from GeneOntology (GO) database

(http://geneontology.org/) by keyword “Herpes simplex virus,

varicella-zoster virus, cytomegalovirus, human papillomavirus,

and Epstein-Barr virus”.

The in vitro validation cohort was obtained from GSE37069,

GSE26440, and blood samples from the Department of Burns

and Plastic and Cosmetic Surgery, Xi’an Ninth Hospital. Data

acquisition was approved by the Ethics Committee of Xi’an

Ninth Hospital (200268).
Identification of VRGMP groups by
consensus clustering

The GSE19743 dataset was included in consensus clustering

analysis to explore differences in clinical traits and immunology

between the different VRGMPGs. Through the k-means machine

learning algorithm, the “ConsensusClusterPlus” R package was

used to perform unsupervised consensus clustering, which allows

for dividing or condensing cases to multiple clusters according to

the provided hallmarks or signatures. Hallmarks were VRGs. In

detail, we used the consensus clustering algorithm with 1,000

iterations by sampling 80% of the data in each iteration. The

item-Consensus plot, the proportion of ambiguous clustering

(PAC) algorithm, and the relative change in the area under the

cumulative distribution function (CDF) curves confirmed the

optimal cluster number. Principal component analysis (PCA)

was performed to assess gene expression patterns between

the VRGMPGs.
FIGURE 1

The flow chart. The yellow line is the validation of two viral molecular patterns. The orange line is the process of selecting hub genes. The blue
line is the contructed nomogram and analysis of key genes.
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Analysis of immune and clinical features
between two VRGMPGs

The proportions of the immune cells and functions between

VRGMPGs were determined by CIBERSORT, Gene Set

Enrichment Analysis (GSEA), and single sample Gene Set

Enrichment Analysis (ssGSEA). The ssGSEA was performed

by R package “GSVA” to explore the different infiltration degrees

of immune cell types, immune-related functions, and immune-

related pathways between Virus 1 and 2 groups (26). GSEA

software (version 3.0) was obtained from the GSEA website

(http://software.Broadinstitute.org/gsea/index.Jsp), and

“c2.cp.kegg.v7.4.symbols. gmt” subset was downloaded from

the Molecular Signatures Database (http://www.gsea-msigdb.

Org/gsea/downloads.jsp). CIBERSORT was performed online

(https://cibersortx.stanford.edu/) (27). Based on gene

expression profiles and VRGMPGs, the minimum gene set was

set to 5 and the maximum gene set to 5000, with one thousand

re-samplings, and P < 0.05 was considered statistically

significant. The top 7 terms with the smallest p-values are

shown. The prognostic value of immune cells was assessed by

the receiver operating curve (ROC). We downloaded clinical

information from the GSE19743 dataset to analyze clinical

features (survival, ABSI, Baux, TBSA, age, sex, inhalation

injury, and hospital time) between VRGMPGs.
WGCNA and identification of VRDEGs

WGCNA is a systems biology approach that can identify

modules of highly correlated genes based on linkages between

gene sets and phenotypes. Gene modules associated with

VRGMPGs in GSE19743 were identified using the “WGCNA”

package. The “limma” package was applied to calculate the

differential expression genes between healthy controls and

burns in GSE19743, GSE77791, and GSE37069, respectively.

We took the intersection of WGCNA module genes and burn

differential genes to obtain virus-related differentially expressed

genes (VRDEGs) for further analysis.
Network analysis of VRDEGs

The functions of VRDEGs were assessed by GO and Kyoto

Encyclopedia of Genes and Genomes (KEGG) enrichment

analysis in The Database for Annotation, Visualization and

Integrated Discovery (DAVID) (https://david.ncifcrf.gov/).

We constructed a PPI network based on the STRING

database (https://cn.string-db.org/), visualized it using

Cytoscape, and used the MCODE plugin to identify hub genes

in the network.
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Screening for prognosis-related genes

In GSE77791, univariate logistic regression analysis was

performed based on the hub genes, and variables with P < 0.05

were used for the subsequent analysis; LASSO regression

analysis was performed with the hub genes, and variables with

non-zero coefficients were screened out for the next analysis;

Random forest analysis was utilized to screen out the most

important genes for prognosis (top 20). The results of LASSO,

logistic and random forest were intersected to obtain prognostic

genes for multivariate logistic regression.
Constructing risk scoring models and
independence verification

In GSE77791, multivariate logistic regression analysis was

performed on prognostic genes to find key genes (P < 0.05).

Visualize the relationship between variables and predictive models

using the “rms” package. The nomogram was constructed to

predict the risk of death using CD69 and SATB1. Its performance

was assessed by the area under the receiver operating

characteristic curve (AUC), calibration curve, and decision

curve. According to the nomogram risk score, patients were

divided into high- and low-risk groups with a median cutoff

value. To verify the independence of risk scores, univariate and

multivariate logistic regression analyses were performed for risk

scores, TBSA, AGE, SEX, BUAX, and ABSI, respectively.
Immune analysis between high- and
low-risk groups

Immune infiltration and immune checkpoint analysis in the

high- and low-risk groups.We performed the CIBERSORT,

GSEA, and ssGSEA analysis to assess immune cell expression

and immune score between high- and low-risk groups. In

addition, we also analyzed differences in the expression of

immune checkpoint genes between high- and low-risk groups.

P < 0.05 was considered significant. Furthermore, we performed

a Pearson correlation analysis between key genes, T cell

subtypes, and T cell activation/suppression.
Drug prediction and molecular docking

Using the online network analysis tool “Networkanalysis”

(https://www.Networkanalyst.ca/), the interaction network of key

genes and chemicals was constructed based on the Comparative

Toxicogenomics Database (CTD), and the compounds that acted

on both genes at the same time were selected for the next step of

molecular docking. The “.sdf” format structures of compounds
frontiersin.org

http://software.Broadinstitute.org/gsea/index.Jsp
http://www.gsea-msigdb.Org/gsea/downloads.jsp
http://www.gsea-msigdb.Org/gsea/downloads.jsp
https://cibersortx.stanford.edu/
https://david.ncifcrf.gov/
https://cn.string-db.org/
https://www.Networkanalyst.ca/
https://doi.org/10.3389/fimmu.2022.1054407
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.1054407
were downloaded from The PubChem Project (https://pubchem.

ncbi.nlm.nih.gov/). We downloaded the structures of proteins

from the RSCB PDB database (https://www.rcsb.org/). PyMOL

2.2.0 software (https://pymol.org) was used to process small

molecule ligands, including removal of water molecules, ligand

removal, and addition of hydrogen. AutoDockTools 1.5.6

(https://autodock.scripps.edu/) was used to process receptor

proteins, such as adding polar hydrogen and a charge.

Molecular docking was performed by using AutoDock Vina

1.1.2 software (28). By analyzing the binding energy of the

molecule, choosing the conformation with the lowest binding

energy and observing the formation of hydrogen bonds, we used

Pymol software to map and display the three-dimensional

structures, protein residues and binding bonds of proteins.
Validation expression of key genes

The immune system of burn patients was in dynamic

changes, so we detected the expression of key genes in five

different periods (0-24h, 24-72h, 72h-7d, 7d-30d, >30d) in the

whole blood PCR group and the microarray group. The PCR

samples (blood) were obtained from the Department of Burns

and Plastic and Cosmetic Surgery, Xi’an Ninth Hospital, and

data acquisition was approved by the Ethics Committee of Xi’an

Ninth Hospital (202268). The Microarray group samples were

collected from the public dataset (GSE37069) and do not require

ethical approval. Peripheral blood mononuclear cells (PBMC)

were isolated from blood using Ficoll sodium diatrizoate

gradient centrifugation (Sigma-Aldrich, St. Louis, MO, USA)

and were dissolved in TRIzol reagent (Invitrogen, Carlsbad, CA,

USA). The total RNA was extracted using an RNeasy kit

(Qiagen, Hilden, Germany) and stored at −80°C. The RR047A

cDNA synthesis kit (TaKaRa, China) was used to perform the

reverse-transcription of the extracted RNA, and the 2X SG Fast

qPCR Master Mix (High Rox, B639273, BBI) was used for

quantitative PCR of hub genes on an ABI PRISM 3700

instrument (Foster, CA, USA). GAPDH was used as an

internal control, and primers are as follows:
Fron
CD69-F: 5’-ATTGTCCAGGCCAATACACATT-3’

CD69-R: 5’ –CCTCTCTACCTGCGTATCGTTTT-3’

SATB1-F: 5’-GATCATTTGAACGAGGCAACTCA-3’

SATB1-R: 5’-TGGACCCTTCGGATCACTC-3’

GAPDH-F: 5’ -TGGGTGTGAACCATGAGAAGT-3’

GAPDH-R: 5’ -TGAGTCCTTCCACGATACCAA-3’
Statistical methods

The independent Student’s t-test was used to compare the

continuous data with normal distribution, and the c2 test for
tiers in Immunology 05
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categorical data was utilized for pairwise comparisons between

subgroups. The Mann–Whitney U test was used to compare

differences between two independent groups when the

dependent variable was either ordinal or continuous but not

normally distributed. All statistical analyses were performed

using the R programming language (Version 4.0.5) and SPSS

software. A difference of P < 0.05 indicates statistical significance

unless specified otherwise.
Result

Data acquisition and processing

We included 28 burns and 25 controls in GSE19743, 76

burns and 14 controls in GSE77791, and 83 burns and 36

controls in GSE37069. The three datasets for burns were

processed with the batch effect shown below (Figure 2). A

total of 20,441 genes were integrated from the three datasets

(Figure 2), and the datasets were directly comparable (Figure 2).

Through the GO database, we extracted 35VRGs that were

used to be Hallmarks in Consensus clustering.

We obtained 6 blood samples of severe burn patients (total

body surface area, TBSA > 25%) aged 18-55, with sampling times

including (0-24h, 24-72h, 72h-7d, 7d-30d, >30d) and 6 healthy

adults with peripheral blood samples from Department of Burns

and Plastic and Cosmetic Surgery, Xi’an Ninth Hospital.

Since immune cells were significantly different at different

time points after burning, we selected the samples in GSE37069

to evaluate the expression of key genes at different time points,

including 0-24h, 24-72h, 72h-7d, 7d-30d, >30d.
Analysis of immune and clinical features
between two VRGMPGs

To explore the association between severe burn patients and

viral infection, we performed unsupervised clustering using

genes associated with VRGs as hallmarks. Based on the

machine learning algorithm “ConsensusClusterPlus”, we

divided patients into two distinct virus-associated molecular

patterns (C1:Virus-1 and C2:Virus-2 groups) (Figure 3A).

According to the results of principal component analysis,

different VRGMPs have different gene expression patterns

(Figure 3). In GSEA analysis, genes in the C1 group were

more enriched in INTESTINAL_IMMUNE_NETWORK_FOR_

IGA_PRODUCTION, GRAFT_VERSUS_HOST_DISEASE,

ASTHMA, T_CELL_RECEPTOR_ SIGNALING_PATHWAY,

V I R A L _MYOCARD I T I S , S Y S T EM I C _ LU PU S _

ERYTHEMATOSUS, and ETHER_LIPID_METABOLISM

(Figure 3). In the CIBERSORT immune infiltration analysis,

the proportions of plasma cells, Tregs, monocytes, and

neutrophils significantly differed between different virus-
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associated molecular patterns (Figure 3). In ssGSEA analysis,

CD8 T cells and effector CD4 T cells differed significantly

between different virus-associated molecular patterns. Gamma

delta T cell, CD56 bright natural killer cell, and Activated

dendritic cell have better prognostic values (Figure 3G). TBSA

and survival also differed significantly between different

VRGMPGs (Figure 3).
WGCNA and identification of VRDEGs

In the WGCNA analysis, two outlier samples were excluded

with a soft threshold of 16 (Figure 4A). The genes of GSE19743

can be divided into 14 modules (Figure 4). The black modules

containing 244 genes were significantly correlated with

VRGMPGs (P < 0.01, coefficient=-0.48) (Figure 4). In

GSE19743, there were 5481 differentially expressed genes

(DEGs) (|LogFC > 1|, FDR < 0.05) between burn patients and

healthy adults. In GSE77791, there are 2246 DEGs. In GSE37069,

there are 2765DEGs (Figure 4G). Finally, there were 133

intersections between the black modules of WGCNA and
Frontiers in Immunology 06
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differently expressed genes (Figure 4). These genes were used in

the next step of network analysis to screen the hub genes further.
Network analysis of VRDEGs

Using the MCODE plugin for Cytoscape, we identified 65

hub genes with dense interaction networks (Figure 5). In GO

and KEGG enrichment analysis, these genes are highly

correlated with T cell-related pathways, such as T cell

activation and differentiation, T cell receptor signaling, T cell

receptor complex, and Th1, Th2, and Th17 cell differentiation

(Figure 5B). Furthermore, there are highly shared genes among

these pathways, illustrating the high possibility of interaction

between these genes (Figure 5G).
Screening for prognosis-related genes

When the number of decision trees is 500, there is a lower

error in RF, and the top 20 important genes are screened out
A

B
C

FIGURE 2

Correcting for batch effects. (A) Bar graphs with different colors represent different data sets. The ordinate is the expression value of the
microarray data, and the abscissa is the sample number. (B) Overlapping genes after converting gene names between different datasets.
(C) Sample expression profiles before batch correction and after batch correction.
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(Figure 6A). 16 variables had non-zero coefficients in the least

absolute shrinkage and selection operator (LASSO) regression

model (Figure 6C). In GSE77791, 25 genes were significantly

associated with survival (P < 0.05) according to the univariate

analysis (Figure 6). Finally, we obtained 4 prognostic genes for

further study (Figure 6).
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Constructing risk scoring models and
independence verification

Multivariate logistic regression analysis revealed that CD69

and SATB1 were independent risk factors for severe burns

(Table 1). These two independent factors were used to
A
B

D E

F G

H

C

FIGURE 3

Consensus clustering and its grouping for clinical properties and immunological analysis. (A) Different colored lines represent different K
(number of sample groups). According to the evaluation of the area under the CDF curve, the area under the CDF curve gradually increases
when the K value increases. Here, the clusters with the highest average consistency in the group are the number of clusters is K=2, and the
number of the next highest cluster is K=4. (B) When K=2, the samples can be divided into 2 groups with different expression patterns (C1 and
C2). (C) The dots of different colors represent different groups. PCA is performed according to the gene expression data. The gene expression
profiles of the two groups of patients in the figure are significantly different. (D) The results of GSEA showed that different colors represent
enriched pathways; ES > 0 indicates that the genes of C1 are enriched in this pathway, and ES < 0 means that the genes of C2 are enriched in
this pathway. (E) Comparison of 22 immune cells between C1 and C2 subgroups. The vertical axis represents the proportion of immune cells.
Cells with P < 0.05 were considered to be different between groups. (F) ssGSEA results. In the C1 and C2 subgroups, showing differences in
clinical shape, immune cells, and immune function, P < 0.05 was considered to be different between the different subgroups. (G) Immune cells
and immune function ROC curves with significant differences. The larger the AUC value, the better the predictor of the patient’s prognosis. P <
0.05:*, P < 0.01:**, P < 0.001:***P < 0.0001:****, P > 0.05:ns.
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construct the nomogram (Figure 7). The AUC value of the

nomogram was 0.825 (95% CI): (Figure 7), which indicated that

the model had good predictability. Furthermore, the calibration

curve showed a high consistency between prediction and actual

observation (Figure 7). The AUCs of TBSA, hospital time,

halation injury, Baux, AGE, and ABSI were 0.73, 0.73, 0.63,

0.7, 0.56, and 0.7, respectively (Figure 7I). The AUC of the

nomogram was 0.75 in the validation set (Figure 7). The

calibration curve also showed a relatively low consistency

between prediction and actual observation (Figure 7). The

decision curve analysis (DCA) showed that the Risk_score had

the best ability to identify survival than any other clinical factor

in the validation sets (Figure 7M). Multivariate logistic
Frontiers in Immunology 08
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regression analysis revealed that risk scores were independent

risk factors for severe burns (Table 2).
Immune analysis between high- and
low-risk groups

In CIBERSORT analysis, T cells CD4 naive, T cells CD4

memory resting, and T cells CD4 memory activated were higher

in the low-risk group (Figure 8). Similarly, in ssGSEA, the score

of CD4 T cells was higher in the low-risk group (Figure 8). In

addition, the scores of immature B cell, CD56 bright natural

killer cell, MDSC, and T cell co-stimulation were also higher in
A B
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C

FIGURE 4

WGCNA and differential expression analysis (A) In the cluster analysis results of the GSE19743 dataset, abnormal samples can be eliminated
according to the height value. (B) Analysis of scale-free fit indices (left) and average connectivity (right) to select various soft power (b). Soft
threshold: select the soft threshold when R2>0.85. (C) Cluster dendrogram of burn trait genes; each color below represents a co-expressed
gene module. (D) Correlation of consensus clustering groupings with gene modules. The values are the correlation coefficients (p), respectively.
Red represents positive correlation, and blue represents negative correlation. Black modules have a significant correlation with virus grouping.
(E–G). Differential expression analysis of genes in three burn datasets. Green represents down-regulated genes, and red represents up-regulated
genes. The genes in black are not significantly different. (H) The intersection of the three burn datasets and the black module in WGCNA.
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FIGURE 5

Network analysis of VRDEGs (A) The core gene network after the intersection of genes was screened by the MCODE plugin. The darker the
color and the larger the circle, the more nodes the gene plays. (B) GO enrichment analysis results, orange is BP, green is CC, blue is MF, the
abscissa is the enrichment score, and the ordinate is the pathway name. (C) KEGG enrichment analysis results. The red is the gene, and the
yellow is the pathway. The larger the circle is, the more genes are enriched in the pathway. Different colors represent different enrichment
results. (D–G). Network plot of KEGG and GO enrichment analysis. Each link represents a commonly enriched gene between pathways, and the
thicker the connecting line, the greater the number of common genes. The more enriched genes, the bigger the dots, and the smaller the P
value, the redder the dots.
Frontiers in Immunology frontiersin.org09
221

https://doi.org/10.3389/fimmu.2022.1054407
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.1054407
the low-risk group (Figure 8). Interestingly, the low-risk group’s

expression of immune checkpoint-related genes, such as CD28,

CD86, CD276, ICOS, TIGIT, and TNFSF4, was upregulated

(Figure 8). CD69 significantly correlates with Activated CD4 T

cell, ActivatedCD8T cell, Gamma-delta T cell, Treg, Th2, and T cell

co-inhibition. SATB1 significantly correlates with Activated CD8 T

cell, Gamma-delta T cell, T follicular helper cell, Th2, T cell co-

inhibition, and T cell co-stimulation (Figure 8). In GSEA, Low-risk

group genes were mainly enriched in AXON_GUIDANCE,

TGF_BETA_ SIGNALING_PATHWAY, GRAFT_VERSUS_

HOST_DISEASE, ALDOSTERONE_ REGULATED_SODIUM_

REABSORPTION,TYPE_I_DIABETES_MELLITUS,T_CELL_

RECEPTOR_SIGNALING_PATHWAY,CELL_ADHESION_

MOLECULES_CAMS, and CIRCADIAN_RHYTHM_MAMMAL
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while high-risk group in GLYCOSAMINOGLYCAN_

DEGRADATION,FOLATE_BIOSYNTHESIS (Figures 8E, F).
Drug prediction and molecular docking

A total of seven chemicals were found to be effective against

both CD69 and SATB1 (Figure 9). We excluded two toxic

chemicals and molecularly docked five chemicals, including

Acetaminophen, decitabine, Cyclosporine, NickelSulfate, and

JQ1, to confirm their potential as immunosuppressive drugs

for the treatment of burns. Generally, binding energy less than 0

indicates that the ligand can bind the receptor spontaneously

(29); binding energy less than -5.00 kcal/mol indicates strong
A
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FIGURE 6

Screening variables by machine learning (A) When the random forest selects different numbers of decision trees, the error rate of the
classification results. When the decision tree is 500, it has a lower error rate. (B) The ordinate is the Gini value, representing the variable’s
importance in the random forest analysis. (C, D). LASSO regression results have a better screening effect when the coefficient is set at 0.03.
(E) The results of univariate logistic analysis. The ordinate is the regression coefficient, and the size of the circle is proportional to the P value.
(F) Intersection of random forest, lasso regression, and univariate logistic regression results.
TABLE 1 Univariate and multivariate logistic regression for 4 genes.

Univariate analysis Multivariate analysis

Genes P OR 95% CI P OR 95% CI

SATB1 0.021 0.047 (0.003-0.634) 0.008 0.025 (0.003-0.191)

CD69 0.003 10.716 (2.258-50.85) 0.001 5.001 (1.508-16.577)

BCL11B 0.008 1.456 (0.102-0.709) 0.774 – –

IL2RB 0.026 0.111 (0.016-0.768) 0.69 – –
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binding activity (30). As illustrated in Figure 9B, CD69 and

SATB1 could form ligands primarily through hydrogen bonding

or hydrophobic interaction. Cyclosporin, JQ1, and Decitabine

performed better than the other two compounds for CD69.

However, the binding energy of all 5 compounds was less than

-5.00 kcal/mol for SATB1, which indicates weak binding activity

(Table 3). The docking results could help validate the regulatory

relationship between the target and the ligand.
Frontiers in Immunology 11
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Validation expression of key genes

In the microarray group, CD69 was significantly down-

regulated at five time periods (0-24h, 24-72h, 72h-7d, 7d-30d,

>30d), as was SATB1. In the PCR group, SATB1 was significantly

down-regulated at five time periods (0-24h, 24-72h, 72h-7d,

7d-30d, >30d), while there was no significant difference between

burns and healthy controls at 24-72h and 30d (Figures 10A–J).
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FIGURE 7

Predictive model (A) The Nomogram chart is constructed by multivariate logistic regression, which scores patients according to the gene value,
and then predicts the risk of death. (B) The ROC curve of the nomogram in the training set: the larger the AUC value, the better the prediction
performance. (C) The calibration curve of the nomogram in the training set: the higher the degree of coincidence with the diagonal line, the
better the prediction performance. (D–I). ROC curves of TBSA, hospital time, inhalation injury, Baux, age, and ABSI in the validation set (J) The
calibration curve of the nomogram in the validation set. (K) ROC curve of the nomogram in the validation set. (L, M). In the decision curve of
the validation set’s nomogram, the risk cutoff value is the horizontal axis, and the larger the vertical axis, the better the prediction performance.
Nomoram’s risk score has the best predictive power.
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Discussion

Infection and sepsis are the leading causes of death in burn

patients who are often accompanied by viral infections,

especially those with immunosuppression (31). However, the
Frontiers in Immunology 12
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diagnostic, therapeutic, and prognostic value associated with the

virus remains underestimated because burn patients are

accompanied by fever, damaged skin structure, and immune

system disturbances, which makes the virus infection less

noticeable (3).
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FIGURE 8

Immune analysis grouped by different risk scores (A) Comparison of 22 immune cells between different risk score groups. The vertical axis
represents the proportion of immune cells. Cells with P < 0.05 were considered to be different between groups. (B) Comparison of immune cell
and immune function scores between different risk score groups. The vertical axis is the rating. Cells with P < 0.05 were considered to be
different between groups. (C) Comparison of immune checkpoint-related gene expression between different risk score groups. The vertical axis
represents the gene expression level. Genes with P < 0.05 were considered to be different between groups. (D) Key genes, correlation analysis
with T cell number and function. In the bottom left plot, blue represents a positive correlation, and red is a negative correlation. P > 0.05 is
drawn as “×” in the upper right corner. Correlation coefficients > 0.4 and P < 0.05 are highlighted with red lines. P < 0.05:*, P < 0.01:**, P <
0.001:***. (E, F). In the results of GSEA, different colors represent enriched pathways, and ES > 0 indicates that the genes of the low-risk group
are enriched in this pathway, and ES < 0 means that the genes of the high-risk group are enriched in this pathway.
TABLE 2 Univariate and multivariate logistic regression for risk score and clinical features.

Variables Univariate analysis Multivariate analysis

P OR 95% CI P OR 95% CI

Risk_score 0.049 2.324 (1.003-5.383) 0.024 6.286 (0.88-44.9)

INJURY_INHALATION 0.887 1.154 (0.161-8.274) – – –

TBSA 0.024 1.054 (0.986-1.127) – – –

HOSPITAL TIME 0.696 1.003 (0.989-1.017) – – –

SEX 0.999 – – – – –

AGE 0.622 0.947 (0.761-1.177) – – –

HOURS POST INJURY 0.212 0.987 (0.967-1.008) – – –

Baux 0.503 1.069 (0.88-1.299) – – –

ABSI 0.823 1.258 (0.169-9.357) – – –
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In this study, we performed a machine learning algorithm,

consensus clustering, with hallmarks (related to HSV, CMV,

HPV, VZV, and EBV) to divide burn patients into two virus

molecular patterns (C1 vs. C2). In follow-up studies, significant
Frontiers in Immunology 13
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differences in enrichment analysis, the ratio of immune cells, and

clinical features were found between C1 and C2. It means there

are different viral infection response profiles between C1 and C2

patients. In the C1 group, genes were significantly enriched in
A
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FIGURE 9

Drug network and molecular docking. (A) Compounds that may act on CD69 and SATB1 genes are predicted in the network analysis database.
The compounds with therapeutic effects are selected by the red squares. (B–D) Molecular docking of CD69 and JQ1, decitabine and
cyclosporine compounds. The protein structure of CD69 is in green, and the structure of the compound and its hydrogen-bonding site with
CD69 is on the right.
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TABLE 3 Main parameters of molecular docking of key genes and compounds, including binding energies and hydrogen bonding and
hydrophobic interaction sites.

CD69 SATB1

Score
(kcal/mol)

hydrogen
bonding

hydrophobic interaction Score
(kcal/mol)

hydrogen
bonding

hydrophobic
interaction

Acetaminophen 142.1 ALA136 GLU139
ARG138

TYR191 HIS141 ARG134 ASN178 262 SER117 LEU118
VAL99
LEU100

Cyclosporin -5.2 ARG138 ARG134
ASN130

HIS141 ARG138 ASN178 -3.8 GLU97
PHE98
VAL76
VAL99
LEU10
MET113

VAL101
ALA114

Decitabine -5.6 HIS141 ARG138
ASN178

ARG134 GLY137 LYS133 -3.6 LEU100 LEU118
SER117
GLU97
MET73

JQ1 -6.4 – HIS141 GLU139 ARG138 ARG134
LYS133

23.6 NONE SER117
LEU118
GLU97
MET73
LEU100
MET73

NickelSulfate -1 – ARG138 GLY137 ARG134 TYR135 -1 NONE ALA114
VAL99
CYS78
VAL79
GLU97
ALA96
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FIGURE 10

Validation of key gene expression. (A–E) Relative expression levels of key genes grouped by microarray at different periods (0-24h, 24-72h, 72h-
7d, 7d-30d, >30d). The ordinate is the relative expression level, and the abscissa is the gene. Red bars are burn patients, and blue are normal
controls. (F–J) Relative expression levels of key genes in PCR groups at different periods. P < 0.05:*, P < 0.01:**, P < 0.001:***, P>0.05: ns.
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INTESTINAL_IMMUNE_NETWORK_FOR_IGA_

PRODUCTION. The immune capacity of the intestinal mucosa

is significantly reduced after burns. First, burns can lead to

severe dysbiosis of the intestinal microbiota, reducing beneficial

bacteria and increasing opportunistic pathogens (32). Secondly,

the function of the intestinal mucosal barrier was damaged after

burns, and bacteria invaded the blood from the intestine to

induce sepsis (33). CMV latency occurs within the bone marrow,

mainly within the monocyte/granulocyte progenitor cells (34),

and the rate of CMV reactivation in burn patients varies from

55% to 71% (35). CMV infection reduces the immune response

and exacerbates susceptibility to this bacteria (36). Our

experimental results reveal the possibility of interaction

between viral infection and intestinal mucosal immunity, and

it will be interesting to explore further whether viral infection

can exacerbate intestinal mucosal immune abnormalities.

“T_CELL_RECEPTOR_SIGNALING_PATHWAY” has

been enriched in C1 groups. In addition, plasma cells, Tregs,

monocytes, neutrophils, CD8 T cells, CD4 T cells, NK cells, and

dendritic cells were different between VRGMPGs. After severe

burns, the immune system fluctuates violently, which can

generally be summarized as excessive activation of innate

immune cells causing extensive inflammatory responses and

immunosuppression caused by impaired adaptive immune cell

function and apoptosis (37). Innate immune cells such as

monocytes, neutrophils, and dendritic cells are increasing. Still,

in patients with TBSA > 40%, and the ability of monocytes to

migrate was damaged (38), the ability of neutrophils to

phagocytosis and chemotaxis was reduced (39). The ability of

dendritic cells to phagocytosis and antigen presentation was

decreased (40).

Furthermore, the activation of adaptive immune response

was inhibited. T cells’ landscape after burn decreased

proliferation, increased apoptosis, and decreased secretion of

cytokines, thereby inhibiting adaptive immunity (41, 42). In

WGCNA and differential expression analysis, we obtained 133

VRDEGs significantly associated with T cell proliferation and

differentiation. In GO terms, VRDEGs were mainly enriched in

lymphocyte differentiation, T cell activation, and T cell

activation. In KEGG analysis, VRDEGs were mainly enriched

in the TCR signaling pathway, Th1, Th2, and Th17

differentiation, and viral protein interaction with cytokine and

cytokine receptors. Inhibition of proliferation of T cells

(especially Th cells) was a major feature of adaptive immune

dysfunction after burns (43). T cells were one of the key cells

against VZV infection (44), and viral infection reshapes T cell

phenotype (45). Immunosuppression after burns increases the

risk of VZV infection, and severe viral infection further weakens

immune function and leads to death (31, 46). Inhibition of T cell

also increased the risk of HSV infection. HSV induced the down-

regulation of Toll-like receptor (TLR)-mediated nuclear factor-

kB (NF-kB) cytokine production, which enhances further viral

replication, and such patients are more susceptible to bacterial
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infections (4, 47). Different T cell-related pathways in two

VRGMPs may be both the cause and the result of viral

infection, and these mechanisms are worthy of further study.

Survival and TBSA were significantly correlated with VRGMPs.

The above findings illustrated that VRGMPs were associated

with abnormal immune function in patients, and related

the rapeu t i c t a rge t s and prognos t i c marke r s had

important prospects.

We identified the 64 hub genes related to viral infection

based on the PPI network. Further, through RF, LASSO, and

logistic analysis, we developed a nomogram composed of two

key genes, CD69 and SATB1. We confirmed that the nomogram

was an independent prognostic value in multivariate logistic

analysis. TBSA, ABSI, and Baux were often used to assess the

severity and prognosis of burn patients (48, 49). Some

researchers have also constructed prognostic models related to

age, gender, length of hospital stay, and inhalation injury.

Although these indicators have good prognostic value, they are

often evaluated at the time of admission and cannot dynamically

track the progression of burns. Changes in immune function

cannot be reflected. In both training and validation sets, the

AUC values of the nomogram are significantly higher (0.82 and

0.75) than those of TBSA, ABSI, and Baux, and the calibration

curve shows the good performance of the nomogram. The DCA

curve showed that the prognostic value of the nomogram was

significantly better than any other clinical feature.

Patients could be divided into high- and low-risk groups

based on the median risk score calculated from the nomogram as

a cutoff. We found that CD4+T cell and CD8+T cell expression

were lower in the high-risk group, which is consistent with

previous findings. In addition, we also found significant

differences in immune checkpoint gene expression between

different risk groups. Immune checkpoint therapy was of great

value in improving patient immune function and has been

extensively studied in sepsis but is still unclear in severe burns.

PD-L1 expression was upregulated in neutrophils and

monocytes after severe burn, as was PD-1 co-inhibitory

receptor expression on T cells (50, 51), which may be an

important mechanism of T cell suppression. Increased IFN-g
in burn patients may be associated with increased PD-1/PDL1

expression in similar sepsis (52, 53). Anti-PD-L1 antibody

therapy improves T cell suppression and survival in burnt

mice (54). PD-1 and CTLA-4 were also a co-suppressor

involved in T cell suppression in sepsis. Preclinical studies

have shown that bacterial sepsis leads to increased expression

of CTLA-4 on CD4+ and CD8+ T cells, and anti-CTLA-4

treatment exhibits dose-dependent reductions in CD4+ and

CD8+ T lymphocyte apoptosis and improved survival (51, 55).

BTLA, another immune checkpoint inhibitor, has been

associated with increased morbidity and mortality in

preclinical studies (56). Increased BTLA expression on

circulating CD4+ T cells in sepsis patients was associated with

nosocomial infection. In a CLP mouse model of sepsis, BTLA
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knockout mice had reduced bacterial numbers, reduced organ

damage markers, and improved survival (57). Immune

checkpoint inhibitors have enormous value in treating burn

patients with immunosuppression and sepsis. However, the

current clinical efficacy is still not good, which is related to the

lack of effective targets (58). Our study identified potential

immune checkpoint genes in burn patients with different

VRGMPs, such as CD28, CD86, CD276, ICOS, TIGIT, and

TNFSF4, which were of great value for the development of

new immunotherapy targets.

Immunosuppression is mainly manifested by enhanced

innate immunity, such as excessive activation of neutrophils,

and weakened adaptive immune responses, such as T cell

apoptosis in burn patients. CD69 and SATB1 were significantly

differentially expressed between burn patients and healthy

adults. Our correlation analysis showed that its expression

pattern had an important relationship with gd T-cells, CD4/8

T cells, Th2 cells, and T cell co-inhibition.

CD69 is a member of the C-type lectin superfamily. Once

activated, CD69 acts as a co-stimulatory molecule for T cell

activation and proliferation. In burn patients, CD69 expression

was suppressed on ab T cells, but increased on gd T-cells in the

burn wound (59). The role of CD69 on T cell differentiation is

multifaceted. Activated gd T-cells can induce T cell subtypes to

differentiate into Th2 and Th17 (60), and Th17 can inhibit the

differentiation of Th1 cells, which may be an important factor in

the imbalance of Th1 and Th2 differentiation after burns, and

the imbalance of Th1 and Th2 differentiation is an important

cause of immunosuppression. CD69 significantly correlates with

immune disorders, making it important for prognostic

significance. In addition, CD69 is an important target in

regulating inflammation and immunity. Knockout of CD69

can effectively reduce the susceptibility to inflammation caused

by Th17 and play an important role for regulating immune

response (61). High expression of CD69 can promote the

inhibition of T cell function while blocking CD69 enhances the

immunity of T cells. In addition to mature T cells, CD69 is

indelibly expressed by immature thymocytes, natural killer (NK)

cells, monocytes, and neutrophils and is constitutively expressed

by mature thymocytes. Activated NK cells also highly express

CD69. Inhibiting NK cell function can reduce CD69 expression

and improve wound healing (62).

Similarly, high CD69 expression was found in hyper-activated

neutrophils, which mediate suppression of lymphocyte function

(63). CD69 is also associated with viral susceptibility. Activated

monocytes highly express CD69, and activated monocytes have a

higher viral load during virus infection than non-activated

monocytes (64). EBV-activated specific cytotoxic T lymphocytes

(CTL) highly express CD69 and can inhibit the proliferation of

lymphocytes (65). High expression of CD69 in burn patients is

associated with over-enhanced innate immunity and attenuated

adaptive immune response, and this correlation gives it the ability to

predict prognosis. At the same time, high CD69 expression is
Frontiers in Immunology 16
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associated with viral infections and is a promising therapeutic

target that can improve immunosuppression in burn patients.

Special AT-rich binding protein-1 (SATB1) is a global

chromatin organizer capable of activating or repressing gene

transcription in mice and humans (66). The role of SATB1 is

pivotal for T-cell development and differentiation, with SATB1-

knockout mice being neonatally lethal and having dysregulation

of Th17 (67, 68). SATB1-dependent T cell activation is crucial

for the correct differentiation of T cell subtypes, and inhibition of

SATB1 can inhibit Treg cell activation and differentiation (69).

Apoptosis of T cells is an important factor leading to post-burn

immunosuppression, and immunosuppression-induced

infection leads to the death of patients (59). Our study found

that SATB1 was lowly expressed in burn patients, and the

expression level of SATB1 was significantly correlated with

prognosis, demonstrating the great prognostic value of SATB1.

SATB1 exhibits excellent prognostic value in many diseases due

to its close association with T cell development (66). However,

there is still no research in the field of burns. Our study identifies

the ability of SATB1 as a prognostic marker in burn patients, and

given its association with burn immunosuppression, we consider

the results to be of high confidence.

Further study will be promising. Furthermore, SATB1 is

proposed to suppress transcription of PDCD1, encoding the

immune checkpoint protein 1 (PD-1) (67). In patients with burn

sepsis, PD1 is highly expressed on immune cells, and reversing this

high expression is of great help in improving immune function. In

our findings, SATB1 is down-expressed in burn patients, and

reversing this underexpression is a promising immunotherapy.

Bo t h CD69 and SATB1 may b e i n vo l v ed i n

immunosuppression in burn patients and are promising

therapeutic targets. In our study, CD69 and SATB1 interacted

with decitabine, Cyclosporine, and JQ1. Decitabine is a

chemotherapy drug used for hematological tumors. Studies

have shown that decitabine can inhibit pro-inflammatory

factors, which may help improve the excessive inflammatory

response in burns (70). In addition, decitabine can also regulate

the differentiation of T cell subtypes. Decitabine could

upregulate major histocompatibility complex class I-related

chains B and UL16-binding protein 1 expression, and

combination treatment involving gd T cell immunotherapy

and decitabine could be used to enhance the cytotoxic killing

of osteosarcoma cells by gd T cells (71). In general, its application

in burns is rare, and relevant research will be of great

significance. Cyclosporine is a potent immunomodulatory

agent with an increasing number of clinical applications. Its

major mode of action is inhibiting the production of cytokines

involved in the regulation of T-cell activation (72). Cyclosporine

can inhibit CD69-mediated T cell activation and maturation

(69), which may help regulate T cell differentiation disorders

(73). However, it should be noted that systemic administration

of cyclosporine can significantly suppress the immune response,

which in turn induces more serious infections (31). Therefore, it
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is necessary to develop more precise treatment methods to

explore further the therapeutic value of Cyclosporine in burn

patients with immunosuppression. The Bromo- and Extra-

terminal domain (BET) signaling pathway plays an important

role in cell proliferation, immune responses, and pro-

inflammatory events. The bromodomain inhibitor JQ1, a first-

in-class potent and selective inhibitor of the Bromodomain-

containing protein 4 (BRD4) signaling pathway, is widely used

for various diseases (74). In sepsis, JQ1 protects the intestinal

mucosal barrier and reduces levels of pro-inflammatory

cytokines IL6, IL1b and IL18 (75). Over-activation of Th17

can inhibit Th1 cells (impaired in burn immunosuppression),

while JQ1 impairs p300-mediated RORgt acetylation in human

Th17 cells (76), which is expected to enhance the differentiation

and proliferation of Th1 cells. However, JQ1 can also inhibit the

function of Th1 cells from secreting IFN-g (77). Therefore, the
recovery of immune function by JQ1 is complicated, and further

studies on its role in immunosuppression in burns are needed.

Viral infection in burn patients is often insidious and often

misdiagnosed clinically. However, viral infection can profoundly

affect the immune system of burn patients, but the crosstalk

between viral infection and the immune system is currently

unclear. Our study is the first to identify VRGMP in burn

patients by machine learning and fully explore the differences

in immune cells, immune scores, and enrichment pathways

between VRGMPGs. Our study found significant differences in

the activation and differentiation of T cells, especially Th cells,

between VRGMPGs, which may be vital clues for diagnosis,

treatment, and prognostic biomarkers. In addition, the

dysfunction of Th cells is of great significance in burn patients.

We believe that viral infection may affect the body’s immunity by

disturbing the function of Th cells, which promotes the

development of immunosuppression. Therefore, genes

associated with viral molecular patterns have important

prognostic and therapeutic value. We developed a reliable

nomogram based on VRGs with significantly better predictive

power than traditional burn indicators such as TBSA, ABSI,

and Baux.

Furthermore, we predicted by network analysis and molecular

docking that drugs targeting CD69 and SATB1 have important

links to immunosuppression in burn patients. Our study also has

certain limitations. First, although we identified genes associated

with prognosis, the samples lacked clinical information on whether

the patients were infected with the virus. If such information is

available, we can construct a transcriptome-based virus diagnostic

nomogram, which is important for discovering occult viral

infections. Second, our study found a correlation between T

cells, especially Th cells, and viral infection, but more cell and

animal experiments are needed to explore the exact mechanism,

which is useful for studying the mechanism between viral infection

and burn immunosuppression significantly. Finally, we fully
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evaluated the possibility of immune checkpoint target genes and

key genes as targets, which will greatly help the treatment of burn

immunosuppression if they can be verified in further experiments.

Overall, this study provides an overlooked perspective on post-

burn viral infection and fully discusses its potential to interact with

the immune system. We identified nomograms with strong

prognostic, and predictive power and developed related drug

targets, which have important guiding significance for future

research on burn virus infection.
Conclusion

We identified two VRGMPs in burn patients with

significantly different T-cell proliferation-differentiation-related

gene expression patterns and T-cell ratios. We constructed a

nomogram including CD69 and SATB1 with stronger prognostic

efficacy than common clinical indicators such as ABSI, TBSA,

and Baux. In addition, we identified possible immune

checkpoint inhibitor targets and immunotherapy drugs,

Cyclosporin, JQ1, and Decitabine.
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Introduction: bluetongue virus (BTV) infection triggers dramatic and complex

changes in the host's transcriptional profile to favor its own survival and

reproduction. However, there is no whole-transcriptome study of

susceptible animal cells with BTV infection, which impedes the in-depth and

systematical understanding of the comprehensive characterization of BTV-

host interactome, as well as BTV infection and pathogenic mechanisms.

Methods: to systematically understand these changes, we performed whole-

transcriptome sequencing in BTV serotype 1 (BTV-1)-infected and mock-

infected sheep embryonic testicular cells, and subsequently conducted

bioinformatics differential analyses.

Results: there were 1504 differentially expressed mRNAs, 78 differentially

expressed microRNAs, 872 differentially expressed long non-coding RNAs, and

59 differentially expressed circular RNAs identified in total. Annotation from the

Gene Ontology, enrichment from the Kyoto Encyclopedia of Genes and

Genomes, and construction of competing endogenous RNA networks revealed

differentially expressed RNAs primarily related to virus-sensing and signaling

transduction pathways, antiviral and immune responses, inflammation, and

development and metabolism related pathways. Furthermore, a protein-protein

interaction network analysis found that BTV may contribute to abnormal

spermatogenesis by reducing steroid biosynthesis. Finally, real-time quantitative

PCR andwestern blotting results showed that the expression trends of differentially

expressed RNAs were consistent with the whole-transcriptome sequencing data.

Discussion: this study providesmore insights of comprehensive characterization

of BTV-host interactome, and BTV infection and pathogenic mechanisms.

KEYWORDS

Bluetongue virus, sheep embryonic testicular cells, RNA sequencing, ceRNA network,
protein-protein interaction network
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Introduction

Bluetongue (BT) is one of the major arboviral diseases of

ruminants, especially sheep, and manifests as various clinical

symptoms in sick animals, ranging from subclinical symptoms

to lethal hemorrhagic fever. It is estimated that BT is responsible

for up to US$ 3 billion in annual economic losses in morbidity,

mortality, production, reproduction, and animal-related trade

restrictions (1, 2). Thus, the World Organization for Animal

Health (OIE) listed BT as a notifiable disease. Bluetongue virus

(BTV), the prototype virus of the Orbivirus genus within the

Reoviridae family, is the pathogen of BT, which is mainly

transmitted by Culicoides spp. midges. The genome of BTV is

constituted by 10 segments of double-stranded RNAs (dsRNAs;

Seg-1 to Seg-10) ranging in length from about 0.9 Kb to 4 Kb,

encoding 7 structural proteins (VP1 to VP7) and 5 non-

structural proteins (NS1 to NS4 and NS3A), in which VP2

and VP5 are the determinants of the viral serotypes (3). In total,

28 serotypes of BTV have been recognized globally, and

additional novel serotypes have been identified continuously

(4–6). There are 13 serotypes of BTV prevalent in China,

including BTV-1, -2, -3, -4, -5, -7, -9, -12, -15, -16, -21, -24

and putative BTV-29 (5). The BTV-1 strain (Y863), in

particular, caused the first recorded outbreak of BT in Shizong

County, Yunnan <cp>Province</cp>, in 1979 (7). Furthermore,

the Chinese national BTV surveillance program from 2013 to

2017 revealed that BTV was widely prevalent in Southern China,

and Eastern-Western topotype reassorted strains were also

derived through the genomic segments reassortment,

potentially endangering animal husbandry safety production

(5, 7). Therefore, an in-depth understanding of the

pathogenesis of BTV and then exploring new strategies for BT

prevention and control still rely on studying the interactions

between BTV and the hosts.

Previous studies have pointed out that BTV replicates

principally in endothelial cells and mononuclear phagocytic

cells of sheep. However, it can also multiply efficiently in a

variety of mammalian cell lines, such as primary sheep testicular

(ST) cells, a cloned derivative baby hamster kidney (BSR) cells,

and human cervical epithelial carcinoma (HeLa) cells, and

subsequently release a large number of viral particles to trigger

cytopathic effects (CPEs) in these infected cells, which is

characterized by rounding, swelling, granular degeneration and

detachment of cells (8–11). The infection and multiplication

processes of viruses involve complex virus-host interactions.

BTV’s success stems from its ability to actively manipulate

antiviral defense, effectively subvert or take advantage of the

host intracellular mechanisms, reform the environment of host

cells by employing a set of virulence factors, and eventually

produce virus-specific components. For example, BTV utilizes

its nonstructural protein NS4 to antagonize the host interferon

(IFN) response, downregulate the transcription levels of type I
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IFN (IFN-I) and IFN-stimulated genes (ISGs), and contribute to

the virulence of BTV decisively (12). In addition, BTV regulated

a series of host signaling pathways, such as mitogen-activated

protein kinase (MAPK), phosphatidylinositide 3-kinase (PI3K)-

serine/threonine kinase (Akt), and nuclear factor-kappa B (NF-

kB) signaling pathways, by altering the expression profile of host

microRNAs (miRNAs) (10).

Recently, lots of studies have reported that long noncoding

RNAs (lncRNAs) and circular RNAs (circRNAs) function in the

infection and replication processes of viruses through modifying

the transcriptomic responses of hosts and participating in various

cellular processes, including but not limited to antiviral

immunity, metabolic pathways, and cellular apoptosis (13, 14).

For instance, circRNAs serves as sponges of miRNAs and

constitute an interactive competing endogenous RNA (ceRNA)

network with miRNAs and mRNAs to modulate RNA

transcription and protein production. Viruses destroy or utilize

the networks, which can significantly influence the viral life cycle

and pathogenicity (14). However, studies on the transcriptional

profiles of BTV-infected cells have either been conducted in

human cell lines or have only sequenced the miRNAs/mRNAs

sector (10, 12, 15). There is no whole-transcriptome study of

susceptible animal cells with BTV infection, which impedes the

in-depth and systematical understanding of the comprehensive

characterization of BTV-host interactome, as well as BTV

infection and pathogenic mechanisms.

In this study, we performed whole-transcriptome sequencing

in BTV-1-infected sheep embryonic testicular cells, conducted a

series of bioinformatics analyses, clearly portrayed the RNAs

expression profile underlying responses to BTV infection at a

critical time point, and finally gained some insights into the basic

molecular mechanisms of host-virus interactions.
Materials and methods

Cell culture and infection

Sheep embryonic testicular (OA3.Ts) cells were purchased

from the Kunming Branch of the National Experimental Cell

Resource Sharing Platform, Chinese Academy of Science. The

cells were cultured in F12: DMEM =1: 1 medium supplemented

with 10% FBS at 37 °C/5% CO2. OA3.Ts cells were seeded in

10 cm dishes (NEST, China), grown to approximately 80%~90%

confluency, and inoculated with the BTV-1 (Y863 strain) with a

multiplicity of infection (MOI) of 1. The supernatants were

discarded after 1 hour of incubation. OA3.Ts cells were then

maintained with F12: DMEM =1: 1 medium supplemented with

1% FBS. The uninfected OA3.Ts cells served as the mock-

infected control. The CPEs were observed under a light

microscope (Olympus, Japan) at 0, 24 and 48 h post-

infection (hpi).
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RNA extraction and qualification

Total RNA from each sample was extracted with TRIzol

reagent (Invitrogen, USA) according to the manufacturer’s

instructions. The RNA amount and purity of each sample

were quantified using NanoDrop ND-100 (NanoDrop, USA).

The RNA integrity was assessed by Bioanalyzer 2100 and RNA

6000 Nano LabChip Kit (Agilent, USA) with RIN number >7.0

and confirmed by electrophoresis with denaturing agarose gel.

The extracted RNA was stored at -80 °C until use.
Library construction and sequencing

Poly(A) RNA was purified for two rounds from 2 mg total

RNA using Dynabeads Oligo(dT)25-61005 (Thermo Fisher,

USA) to construct mRNA library. Approximately 2 mg of total

RNA was used to remove ribosomal RNA according to the

manuscript of the Ribo-Zero Gold Kit (Epicentre

Biotechnologies, USA) to construct lncRNA or circRNA

library. The poly(A) RNA and the remaining RNA after

ribosomal RNA removal were fragmented into small pieces

using Magnesium RNA Fragmentation Module (NEB, USA).

The cleaved RNA fragments were reverse-transcribed into

cDNA by SuperScript II Reverse Transcriptase (Invitrogen),

which was subsequently used to synthesize U-labeled second-

stranded DNAs with E. coli DNA polymerase I (NEB), RNase H

(NEB) and dUTP Solution (Thermo Fisher). An A-base was then

added to the blunt ends of each strand, followed by the ligation

of indexed adapters. Each adapter contained a T-base overhang

for ligating the adapter to the A-tailed fragmented DNA. Next,

single- or dual-index adapters were ligated to the fragments, and

size selection was performed with AMPure XP beads (Beckman

Coulter, USA). After the heat-labile UDG enzyme (NEB)

treatment of the U-labeled second-stranded DNAs, the ligated

products were amplified with PCR. The average insert size for

the final cDNA library was 300 ± 50 bp.

Approximately 1 mg of total RNA was used to prepare the

miRNA library following the protocol of TruSeq small RNA

Sample Prep Kits (Illumina, USA). Briefly, the miRNA

molecules were ligated to a 5’ adaptor and a 3’ adaptor by T4

RNA ligase (Promega, USA). Subsequently, the adaptor-ligated

miRNAs were reverse transcribed into cDNA and PCR

amplified. Finally, PCR products were purified and DNA

fragments of 150 ± 10 bp (the length of small RNA inserts

plus the 5’ and 3’ adaptors) were quantified following the Solexa

sequencing protocol (Illumina). At last, the 2×150 bp paired-end

sequencing for mRNA, lncRNA, and circRNA, and the 1×50 bp

single-end sequencing for miRNA were performed on Illumina

Novaseq 6000 and Illumina Hiseq2500 (LC-Bio Technology Co.

Ltd., Hangzhou, China) following the vendor’s recommended

protocol, respectively. The obtained sequence reads were

deposited into the NCBI Gene Expression Omnibus (GEO)
Frontiers in Immunology 03
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GSE213637 and GSE213638.
Bioinformatics analyses

Fastp (v0.14.1) was used to remove the mRNA, lncRNA and

circRNA reads that contained adaptor contamination, low-

quality bases and undetermined bases and verify the sequence

quality (16). Hisat2 (v2.0.4) for mRNA, as well as Bowtie2

(v2.2.5) and Tophat2 (v2.0.13) for lncRNA were used to map

reads to the genome of Ovis aries (GCA_000298735.1) (17–19).

StringTie (v1.3.0) was used to assemble the mapped mRNA and

lncRNA reads from each sample, and then the mRNA or

lncRNA transcripts from all samples were merged to

reconstruct a comprehensive transcript profile using

GffCompare (20, 21). Subsequently, transcripts annotated as

known mRNAs, known lncRNAs, and less than 200 nt in

length were discarded. Coding Potential Calculator (CPC)

software (v0.9-r2) and Coding-Non-Coding Index (CNCI)

software (v2.0) were unutilized to predict transcripts with

coding potential. All transcripts with CPC score <-1 and

CNCI score <0 was removed. The remaining transcripts with

class code (l, j, o, u, and x) were considered novel lncRNAs (22,

23). The expression levels of mRNAs and lncRNAs were

calculated using fragments per kb per million reads (FPKM =

[total exon fragments/mapped reads (millions) × exon length

(Kb)]) (20).

Bowtie2 (v2.2.5) and Tophat2 (v2.0.13) for circRNA were

used to map reads to the Ovis aries genome (GCA_000298735.1)

(18, 19). The remaining unmapped circRNA reads were further

mapped to the genome using Tophat-Fusion (v2.0.12) (24). As

for mapped circRNA reads, they firstly were de novo assembled

to circular using CIRCexploer (v1.1.10) and CircRNA Identifier

(CIRI) (v2) (25–27). Then, back-splicing reads were identified in

unmapped reads by Tophat-Fusion (v2.0.12) and CIRCexploer

(v1.1.10) (24–26). All samples generated unique circular RNAs.

Spliced reads per billion mapping (SRPBM) calculated circRNAs

expression levels (SRPBM = number of back-spliced junction

reads/number of mapped reads × 1,000,000,000).

The miRNA raw data were processed through an in-house

program, ACGTA101-miR (v4.2) (LC Science, USA) to remove

adapter dimers, junk, low complexities, common RNA families

(rRNA, tRNA, snRNA, and snoRNA), repeats, and sequences

<18 nt or >26 nt in length were filtered out using Rfam (v13.0)

and Repbase Update (28, 29). The 18~26 nt unique reads were

mapped to miRNA sequences in miRBase (v22.0) (30). Mapping

was also performed on pre-miRNA against Ovis aries genomic

data (GCA_000298735.1). The unique sequences that aligned to

the known miRNA sequences in miRBase (v22.0) were identified

as known miRNAs (30). The secondary structure of pre-

miRNAs was presented as a hairpin, including 5p- and 3p-

derived miRNA. The unique sequences mapping to the other
frontiersin.org
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arm of the pre-miRNA sequences that were not annotated in the

miRBase (v22.0) were considered to be 5p- or 3p-derived

miRNA candidates (30). In order to find candidate novel

miRNAs, the remaining unmapped sequences were compared

to the Ovis aries genomic sequences (GCA_000298735.1). In

order to identify the results of putative miRNAs of Ovis aries, all

the obtained miRNAs were used to predict the secondary

structures using RNAfold software (31).

R package edgeR (v3.14.0) was used to analyze the

differentially expressed RNAs (dif-RNAs) (32). The thresholds

of |log2 fold change (FC)| ≥1.0 and p-value <0.05 were used to

filter out differentially expressed mRNAs (dif-mRNAs),

differentially expressed lncRNAs (dif-lncRNAs), and

differentially expressed circRNAs (dif-circRNAs), while only

the comparisons with p-value <0.05 were considered

differentially expressed miRNAs (dif-miRNAs) based on

normalized deep-sequencing counts. Hierarchical clustering

and volcano plot were drawn on the dif-RNAs using the

pheatmap R package (v1.0.12) and ggplot2 R package (v3.3.6),

respectively (33, 34).
Target gene prediction and functional
analyses

To further explore the function of dif-RNAs, potential cis-

target mRNAs of dif-lncRNAs were predicted (35). The cis-

targets of dif-lncRNAs were predicted using Blast2GO (v4.0.7)

(36). The mRNAs in the dif-lncRNAs’ upstream or downstream

100 Kb regions were considered potential cis-targets.

The target mRNAs for each dif-miRNAs were predicted

using the TargetScan (v5.0) and miRanda (v3.3a) algorithms

(37). TargetScan score ≥50 and miRanda energy <-10 were set as

thresholds for screening. Finally, the data predicted by both

algorithms were combined and the overlaps were analyzed.

Gene Ontology (GO) annotations were performed on dif-

mRNAs, and target or host mRNAs of dif-lncRNAs, dif-miRNAs,

and dif-circRNAs using gene ontology resource (38). In addition,

the Kyoto Encyclopedia of Genes and Genomes (KEGG)

enrichment analyses were conducted to understand high-level

functions and utilities of biological systems (39). GO bubble

diagrams and KEGG scatter diagrams were visualized using the

GOplot R package (v1.0.2) and ggplot2 R package (v3.3.6), and all

terms with p-value <0.05 were considered significantly (34, 40).
ceRNA networks construction

In constructing the lncRNA- and circRNA-miRNA-mRNA

axes, the most meaningfully interacting pairs were selected and

presented according to the following criteria: 1) Among miRNA-

mRNA interaction pairs, dif-miRNAs and dif-mRNAs were

selected when their |log2 FC| values were ≥1.5 and ≥2.0,
Frontiers in Immunology 04
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respectively. At the same time, the pairs should comply with a

standard of TargeScan score ≥50 and miRanda energy <-10; 2)

For miRNA-lncRNA interaction pairs, the values of |log2 FC|

were the same as those of miRNA-mRNA pairs; while the

TargeScan score ≥80 and miRanda energy <-20 were set as a

further filter criterion; 3) As for miRNA-circRNA interaction

pairs, the thresholds of |log2 FC|, TargetScan score, and miRanda

energy were consistent with those of miRNA-mRNA pairs.

Subsequently, the lncRNA- and circRNA-miRNA-mRNA axes

were constructed with miRNAs as the central nodes, and ceRNA

networks were built and visually displayed using the ggalluvial R

package (v0.12.3) based on these axes (41). The differential

transcripts of mRNAs involved in the ceRNA networks were

performed GO and KEGG analyses. These results were

graphically displayed with the GOplot R package (v1.0.2) and

ggplot2 R package (v3.3.6), and all terms with p-value <0.05 were

considered significantly (34, 40).
Protein-protein interaction (PPI) network
and module analysis of dif-mRNAs

The interactions between dif-mRNAs encoded proteins were

analyzed using the Search Tool for the Retrieval of Interacting

Genes/Proteins (STRING) online database (v11.5) (42). The

species was set as Ovis aries with the interaction score >0.4

selected as the cut-off value. Subsequently, the PPI network was

visualized utilizing Cytoscape software (v3.8.2) (43). The

Cytoscape’s Molecular Complex Detection (MCODE) plugin

was applied to extract densely connected modules from the PPI

network, with degree cut-off = 2, node score cut-off = 0.2, K-

score = 2, and max depth = 100. The downregulated and

upregulated mRNAs involved in the PPI network were

performed GO and KEGG enrichment and visualized using

the ggplot2 R package (v3.3.6), respectively (34). All terms

with p-value <0.05 were considered significantly.
Real-time quantitative PCR (qRT-PCR)

Real-time qRT-PCR was conducted on an ABI 7500 fast

system (Applied Biosystems, USA) using One Step PrimeScript

Real Time RT-PCR Kit (Takara Biomedical Technology, China)

with extracted total RNA from OA3.Ts cells served as templates

to verify the successful infection of BTV-1 (Y863 strain) (44).

In order to validate the expression profile of dif-RNAs, real-

time qRT-PCR was performed using PrimeScript RT reagent Kit

with gDNA Eraser (Takara Biomedical Technology) and TB

Green Premix Ex Taq II (Takara Biomedical Technology) for

dif-mRNAs, dif-lncRNAs, and dif-circRNAs, as well as Mir-X

miRNA First-Stranded Synthesis Kit (Takara Biomedical

Technology) and Mir-X miRNA qRT-PCR TB Green Kit

(Takara Biomedical Technology) for dif-miRNAs on an ABI
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7500 fast system (Applied Biosystems) according to the

manufacturer’s instructions. The specific primers were

designed using Oligo 7 software or referred to as the reported

primers. The primer sequences are shown in Supplementary

Table 1. Transcriptional levels of the gene for b-actin and U6

were determined to normalize total RNA input. Relative dif-

RNAs expression was evaluated using the 2-DDCt method.
Western blotting (WB)

The infected cells were washed with cold phosphate-buffered

saline (PBS) and lysed for 30 min at 4°C in lysis buffer (Beyotime

Biotechnology, China) containing protease inhibitor cocktails

(BioTool, China). Total protein quantities of the sample

supernatants were determined using TaKaRa BCA Protein

Assay Kit (Takara Biomedical Technology). Equal amounts

(20 mg) of each quantified cell proteins were separated on 10%

SDS-PAGE and then transferred onto the PVDF membrane

(Millipore, USA). After blocking with 5% bovine serum albumin

(BSA) (Sangon Biotech, China) in PBS containing 0.1% Tween

(Sangon Biotech), the blots were incubated with Rig-I (D33H10)

Rabbit mAb (CST, USA), IkBa (L35A5) Mouse mAb (CST),

IKKg antibody (CST), Caspase-8 (D35G2) Rabbit mAb (CST),

Ant i -CTGF ant ibody (Abcam, UK) , P IK3IP1 Ab

(Affinity Biosciences, China), NS3 (33H7) mouse monoclonal

antibody (Ingenasa, Spain), anti-b-tubulin mouse monoclonal

antibody (Transgen Biotech, China), and Anti-beta Actin

antibody (Abcam) at 4°C overnight, respectively. This was

followed by incubation with horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG antibody (Beyotime

Biotechnology) or HRP-conjugated goat anti-rabbit IgG

antibody (Beyotime Biotechnology). In addition, the

immunoreactivity of blots with antibodies was visualized

under ChemiScope 3300mini (Clinx, China) using the
Frontiers in Immunology 05
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BeyoECL Plus Detection Kit (Beyotime Biotechnology). The

relative optical densities of bands were assessed using ImageJ

software (Bethesda, USA) and normalized according to optical

densities of corresponding b-tubulin bands.
Statistical analysis

Data were presented as mean ± SD with an error bar

representing at least three independent experiments. In

addition, the student’s t test was performed for statistical

analysis with GraphPad Prism 7.0 software (GraphPad

Software, USA). Symbols * and ** indicate that the difference

between the indicated groups was significant (p-value <0.05) or

very significant (p-value <0.01), respectively.
Results

Cells infection and harvest

OA3.Ts cells were infected with BTV-1 at a MOI of 1, and

the infection was confirmed by observing CPEs and monitoring

virus replication by qRT-PCR and WB at 0, 24 and 48 hpi. As it

showed in Figure 1A, no CPE was observed in mock-infected

OA3.Ts cells, while the pathological cellular state in the BTV-1-

infected group, with cells shrinkage and rounding, could begin to

be recognized at 24 hpi, and the CPEs were more obvious at 48

hpi. The results of virus replication were displayed in the form of

cycle threshold (Ct) values and viral NS3 protein bands of WB

(Figure 1B). The gradual increase in viral replication from 24 hpi

to 48 hpi was reflected in decreasing Ct values and increased NS3

protein bands, indicating the development of persistent

infection. The OA3.Ts cells at 24 hpi were harvested for

whole-transcriptome sequencing.
BA

FIGURE 1

Validation of BTV-1 infection in OA3.Ts cells at 0, 24 and 48 dpi. (A) CPEs were observed in OA3.Ts cells infected with BTV-1 (Y863 strain) under
microscope at 0, 24 and 48 hpi (×4 magnification). Scale bar, 200 mM. (B) qRT-PCR and WB were also used to verify the successful infection of
BTV-1 (Y863 strain) in OA3.Ts cells. The infection status of BTV-1-infected- and mock-infected groups at different time points was represented
by mean Ct values ± SD from three independent experiments. NS3 was detected as control for successful infection, whereas b-actin served as
an internal control.
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Differential expression profiles analyses

Whole-transcriptome sequencing was applied to profile the

expression of mRNAs, miRNAs, lncRNAs, and circRNAs in

BTV-1-infected OA3.Ts cells. Overall, 1504 dif-mRNAs,

containing 687 upregulated and 817 downregulated mRNAs,

were identified in the infected group compared with the mock-

infected group (Figure 2A and Supplementary Table 2).

According to the screening criteria, 78 dif-miRNAs were

determined, of which 45 were transcriptionally increased and

33 were decreased (Figure 2B and Supplementary Table 3). A

total of 872 dif-lncRNAs, consisting of 863 novel lncRNAs and 9

known lncRNAs, were obtained, including 748 upregulated and

124 downregulated lncRNAs (Figure 2C and Supplementary

Table 4). In addition, the expression levels of 24 circRNAs were

increased, and 35 circRNAs were decreased among 59 dif-

circRNAs, (Figure 2D and Supplementary Table 5).

Hierarchical clustering was performed to generate heatmaps of

dif-RNAs, from which it was found that the infected samples

could be significantly separated from the mock-infected samples

(Figures 3A–D). Moreover, consistent with the previous study

conducted in BTV-16-infected peripheral blood mononuclear
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cells (PBMCs), our study similarly obtained more than 1000 dif-

mRNAs; some of the 1504 dif-mRNAs involved in antiviral

activities and immune responses also presented high expression

levels , including ISG20 , IFN-induced protein with

tetratricopeptide repeats-1 (IFIT1) and IFIT2 (Figure 3A and

Supplementary Table 2) (15). Although the number of identified

dif-miRNAs was limited, the expression patterns of certain dif-

miRNAs were similar to the results of microRNA sequencing in

BTV-1 (GS/11 strain)-infected ST cells, such as chi-miR-33b-3p,

chi-miR-34c-5p and oar-miR-194_R+1 (Figure 3B and

Supplementary Table 3) (10). All these data indicated that the

results of the differential expression analyses were reliable.
Functional enrichment analyses of
dif-RNAs

To better understand the potential roles of host factors in

BTV infection, all dif-RNAs were subjected to GO term

classification statistics from the biological processes (BP),

cel lular components (CC), and molecular function

(MF) ontologies.
B

C D

A

FIGURE 2

Volcano plots of (A) dif-mRNAs, (B) dif-miRNAs, (C) dif-lncRNAs, and (D) dif-circRNAs between BTV-1-infected and mock-infected OA3.Ts cells.
Red and blue dots represented upregulated and downregulated dif-RNA, respectively. The total numbers of upregulated and downregulated dif-
RNAs were marked in the upper right corner of each figure.
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Similar to the research performed in BTV-16-infected sheep

PBMCs, BTV-1 infection induced significant enrichment of

defense response to virus (GO: 0051607) and immune

response (GO: 0006955) under BP ontology, and protein

binding (GO: 0005515) and metal ion binding (GO: 0046872)

under MF ontology in OA3.Ts cells (Figure 4A and

Supplementary Table 2) (15). Compared with the mock-

infected group, in addition to well-known antiviral genes, such

as IFITs and radical S-adenosyl methionine domain containing 2

(RSAD2), several antiluteolysin genes belonging to the IFN-I

family and relevant to preventing pregnant ewes from luteolytic,

for example ENSOARG00000008675, ENSOARG00000008697,

and ENSOARG00000008791, also transcriptionally increased

under cytokine activity (GO: 0005125) and defense response to

virus (GO: 0051607) terms, indicating that these antiluteolysin

genes potentially contribute to host antiviral responses

(Figure 3A and Supplementary Table 2) (15, 45). The other

dif-mRNAs in comparison with mock-infected and infected

samples were mostly associated with negative regulation of

viral genome replication (GO: 0045071), response to virus

(GO: 0009615), I kappa B kinase (IKK)/nuclear factor-kappa B

(NF-kB) signaling (GO: 0007249), cytokine activity (GO:

0005125) and DNA-binding transcription factor activity (GO:

0003700) under BP and MF ontologies, respectively (Figure 4A
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and Supplementary Table 2). Interestingly, the key activators of

the NF-kB signaling pathway, which had been reported to be

activated by BTV infection, were downregulated, for instance, an

inhibitor of NF-kB kinase subunit ϵ (IKBKE) and IKBKG (also

known as NF-kB essential modulator, NEMO). While inhibitors

of NF-kB signaling pathway, such as NF-kB inhibitor a
(NFKBIA encoding IkBa) and NFKBIB, were upregulated

significantly. These transcriptional alternations were

accompanied by increases in the expression of tumor necrosis

factor (TNF) receptor-associated factor family member

associated NF-kB activator (TANK), NF-kB functional subunit

REL, NF-kB p105 subunit (NFKB1), and RELB (Figure 3A and

Supplementary Table 2) (11, 46–48). A similar phenomenon was

also found in the BTV-16-infected sheep PBMCs, for example, a

significant decrease in IKBKE transcription (15). These results

indicated that canonical and non-canonical NF-kB pathways

might play a more complicated and changeable role in BTV

infection and pathogenic processes.

MiRNAs regulate gene expression at the post-transcriptional

level through interactions between their seed sequences and the

target mRNAs (49). The dif-miRNAs target genes in this study

were primarily enriched in the BP ontology of proteolysis (GO:

0006508) and oxidation-reduction process (GO: 0055114), the

CC ontology of cytoplasm (GO: 0005737), and the MF ontology
B

C D

A

FIGURE 3

Hierarchical cluster analyses of (A) dif-mRNAs, (B) dif-miRNAs, (C) dif-lncRNAs, and (D) dif-circRNAs between BTV-1-infected and mock-
infected OA3.Ts cells. The top 50 upregulated and downregulated dif-mRNAs and dif-lncRNAs, as well as all dif-miRNAs and dif-circRNAs were
selected and displayed in the heatmaps. The color of the color blocks from blue to red represented the dif-RNAs expression levels from
downregulated to upregulated. Several important dif-RNAs were labeled to the right of the corresponding heatmaps.
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of peptidase activity (GO: 0008233), hydrolase activity (GO:

0016787) and endopeptidase activity (GO: 0004175) (Figure 4B

and Supplementary Table 6). By analyzing the GO classification

of dif-miRNA target genes in BTV-1-infected ST cells, it was

found that under BP and MF ontologies, the enriched GO terms

involved in both our current and previous studies are related to

metabolic process and catalytic activity, respectively. In contrast,

under CC ontology, our study is mainly associated with

cytoplasm rather than cell and cell part (10). According to the

definition of lncRNA function mode and the prediction of target

genes, 622 dif-lncRNAs might influence the expression or

chromatin state of 1077 of their nearby genes in cis
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(Supplementary Table 7) (35). The target genes mainly

involved in the BP ontology of defense response to virus (GO:

0051607), gland morphogenesis (GO: 0022612), immune

response (GO: 0006955), protein adenosine-diphosphate

(ADP)-ribosylation (GO: 0006471) and IFN-stimulated gene

15 (ISG15)-protein conjugation (GO: 0032020), and the CC

ontology of chromosome (GO: 0005694) (Figure 4C and

Supplementary Table 7). For instance, two significantly

elevated dif-lncRNAs, MSTRG.33976.1 and MSTRG.33976.2,

were probably responsible for the several folds upregulation of

their target gene C-X-C motif chemokine 8 (CXCL8, also known

as IL-8) in immune response (GO: 0006955) term (Figure 3A, C;
B

C D

A

FIGURE 4

GO annotations of (A) dif-mRNAs, target mRNAs of (B) dif-miRNAs, (C) dif-lncRNAs, and (D) host mRNAs of dif-circRNAs under BP, CC, and MF
ontologies, respectively. Z-score was equal to the total number of transcriptional increased dif-mRNAs minus the total number of decreased
dif-mRNAs and then divided by the square root of the total number of dif-mRNAs in a certain GO term and was used to measure whether the
term was upregulated or downregulated overall. The size of the solid circulars represented the number of enriched dif-mRNAs under specific
GO terms. GO: 0051607: defense response to virus, GO: 0045071: negative regulation of viral genome replication, GO: 0009615: response to
virus, GO: 0007249: I-kappaB kinase/NF-kappaB signaling, GO: 0006955: immune response, GO: 0050731: positive regulation of peptidyl-
tyrosine phosphorylation; GO: 0050713: negative regulation of interleukin-1 beta secretion, GO: 0035458: cellular response to interferon-beta,
GO: 0071222: cellular response to lipopolysaccharide, GO: 0005829: cytosol, GO: 0005737: cytoplasm, GO: 0005125: cytokine activity, GO:
0003700: DNA-binding transcription factor activity, GO: 0003950: NAD+ADP-ribosyltransferase activity, GO: 0005515: protein binding, GO:
0046872: metal ion binding; GO: 0006508: proteolysis, GO: 0055114: oxidation-reduction process, GO: 0043066: negative regulation of
apoptotic process, GO: 0034097: response to cytokine, GO: 0006606: protein import into nucleus, GO:1901216: positive regulation of neuron
death, GO: 0071902: positive regulation of protein serine/threonine kinase activity, GO: 0001934: positive regulation of protein
phosphorylation, GO: 0006513: protein monoubiquitination, GO: 0005794: Golgi apparatus, GO: 0005739: mitochondrion, GO: 0005615:
extracellular space, GO: 0005783: endoplasmic reticulum, GO: 0008233: peptidase activity, GO: 0016787: hydrolase activity, GO: 0004175:
endopeptidase activity, GO: 0003824: catalytic activity, GO: 0004252: serine-type endopeptidase activity, GO: 0030332: cyclin binding, GO:
0016616: oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor, GO: 0016491: oxidoreductase activity,
GO: 0004712: protein serine/threonine/tyrosine kinase activity, GO: 0031625: ubiquitin protein ligase binding; GO: 0022612: gland
morphogenesis, GO: 0006471: protein ADP-ribosylation, GO: 0032020: ISG15-protein conjugation, GO: 0038044: transforming growth factor-
beta secretion, GO: 0002481: antigen processing and presentation of exogenous protein antigen via MHC class Ib, TAP-dependent,
GO:1902037: negative regulation of hematopoietic stem cell differentiation, GO: 0045715: negative regulation of low-density lipoprotein
particle receptor biosynthetic process, GO: 0005694: chromosome, GO: 0034685: integrin alphav-beta6 complex, GO: 0005153: interleukin-8
receptor binding; GO: 0001837: epithelial to mesenchymal transition, GO: 0032909: regulation of transforming growth factor beta2 production,
GO: 0030279: negative regulation of ossification, GO: 0043525: positive regulation of neuron apoptotic process, GO: 0005977: glycogen
metabolic process, GO:1902895: positive regulation of pri-miRNA transcription by RNA polymerase II, GO: 0045880: positive regulation of
smoothened signaling pathway, GO: 0050790: regulation of catalytic activity, GO: 0010634: positive regulation of epithelial cell migration, GO:
0031514: motile cilium, GO: 0031252: cell leading edge, GO: 0035035: histone acetyltransferase binding, GO: 0035257: nuclear hormone
receptor binding, GO: 0000049: tRNA binding.
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Figure 4C and Supplementary Table 7). Among 59 dif-

circRNAs, 38, 3, and 18 were back-spliced from exons, introns,

and intergenic RNAs, respectively (Supplementary Table 5). The

linear transcripts of the 41 dif-circRNAs were identified.

Following that, the corresponding transcripts were subjected to

GO enrichment analysis. These linear cognates were

significantly assigned to BP and MF ontologies, including

epithelial to mesenchymal transition (GO: 0001837),

regulation of transforming growth factor b (TGF-b)-2
production (GO: 0032909), negative regulation of ossification

(GO: 0030279), positive regulation of neuron apoptotic process

(GO: 0043525), glycogen metabolic process (GO: 0005977), and

histone acetyltransferase binding (GO: 0035035) (Figure 4D and

Supplementary Table 8). These results suggested that dif-RNAs

induced by BTV-1 infection are not only related to antiviral and

immune responses of the host, but also participate in the

development and metabolism processes.
Enrichment analyses of dif-RNAs

It is well known that signaling pathway analyses conduce to

better understanding of the biological functions of genes. KEGG

pathway enrichment analyses of dif-RNAs can be used to

determine the biochemical metabolic and signal transduction
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pathways, further facilitating the exploration of host-

virus interactions.

KEGG analysis showed that unlike the results of previous

research, dif-mRNAs lacked primary enrichment in Ras, MAPK,

Janus tyrosine kinase (JAK)-signal transducer and activator of

transcription protein (STAT) and vascular endothelial growth

factor (VEGF) signaling pathways. At the same time, they were

significantly enriched in cytoplasmic retinoic acid-inducible gene

I (RIG-I)-like receptor (RLR) signaling pathway, Influenza A,

TNF signaling pathway, cytosolic DNA-sensing pathway,

nucleotide-binding and oligomerization domain (NOD)-like

receptor (NLR) signaling pathway, and HSV-1 infection

(Figure 5A and Supplementary Table 2) (15). The RIG-I and

melanoma differentiation-associated gene 5 (MDA5) proteins,

encoded by DEXH (Asp‐Glu‐X‐His) box polypeptide 58

(DDX58) and IFN-induced helicase C domain-containing

protein 1 (IFIH1) respectively, are both important dsRNA

recognition receptor in the RLR signaling pathway, and BTV

infection induced transcriptional level of IFIH1 was higher than

that of DDX58 in our study (Figure 3A and Supplementary

Table 2) (50). In addition to being assigned in typical dsRNA

sensing signal pathway, dif-mRNAs were also enriched in DNA

virus infection-related signaling pathways, such as Herpes

simplex virus 1 (HSV-1) infection, Epstein-Barr virus (EBV)

infection and Kaposi sarcoma-associated herpesvirus (KSHV)
B

C D

A

FIGURE 5

KEGG enrichments of (A) dif-mRNAs, target mRNAs of (B) dif-miRNAs, (C) dif-lncRNAs, and (D) host mRNAs of dif-circRNAs. Top 20 KEGG
pathways were shown. Rich factor indicated the ratio of dif-mRNAs enriched to the specific pathway. The size and the color of the solid
circulars represented the number of enriched dif-mRNAs and significance of the enrichment, respectively.
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infection (Figure 5A) (50). Using the HSV-1 pathway as an

example, 45 dif-mRNAs were involved, with 25 dif-mRNAs

being transcriptionally increased and 20 dif-mRNAs being

transcriptionally decreased. The 25 upregulated dif-mRNAs

contained not only typical dsRNA activated genes, such as Toll/

IL-1 receptor domain-containing adapter molecule 1 (TICAM1,

also known as TRIF), an adapter of TLR3, but also traditional

DNA recognition receptor, for instance, Toll-like receptor 9

(TLR9) (Supplementary Table 2) (51, 52). The 20 decreased dif-

mRNAs mainly were zinc finger proteins relevant to DNA

binding and transcription (Supplementary Table 2) (53).

The target genes of dif-miRNAs mainly were associated with

the lysosome, gap junction, Influenza A, transcriptional

misregulation in cancer, apoptosis, and adenosine 5’-

monophosphate-activated protein kinase (AMPK) signaling

pathway (Figure 5B and Supplementary Table 6). Previous

studies have shown that apoptosis triggered by BTV infection in

mammalian cells is the leading cause of CPE/cell lysis in vitro and

virus-induced pathogenesis in vivo (9, 54, 55). The target genes of

dif-miRNAs, calcium-activated neutral proteinase 1 (CAPN1), a

requirement of apoptosis in some cell lines, and caspase-7 (CASP7),

served as one of the readouts for the activation of apoptosis, were

both transcriptionally upregulated by BTV-1 infection. On the

other hand, downregulated dif-miRNAs, hsa-mir-5100-

p3_1ss18TC, and chi-miR-195-3p_R+2, possibly contributed to

the expression increases of the two genes mentioned above

(Figure 3B and Supplementary Table 6) (56). The dif-lncRNAs

targeting genes were primarily involved in the g-aminobutyric acid

(GABA)ergic synapse, antigen processing and presentation, D-

Glutamine and D-glutamate metabolism, Influenza A,

inflammatory bowel disease (IBD) and NLR signaling pathway

(Figure 5C and Supplementary Table 7). In addition, most linear

transcripts of dif-circRNAs were related to the central carbon

metabolism in cancer, D-Glutamine and D-glutamate

metabolism, renal cell carcinoma, glycosphingolipid biosynthesis-

lacto and neolacto series, arginine biosynthesis and colorectal

cancer (Figure 5D and Supplementary Table 8). These results

showed that except for virus-sensing and signaling transduction

pathways, the dif-RNAs induced by BTV-1 infection also involve in

a variety of pathways, such as cancer-, transcription-, and

metabolism-related pathways, indicating that BTV can regulate

the expression profiles of OA3.Ts cells and hijacks the metabolic

pathways of the host in order to complete its life cycle.
ceRNA networks construction and
enrichment analyses

Noncoding RNAs (ncRNAs) involve a wide range of

regulatory functions that interact with DNA and RNA to

control transcription and translation. In addition, lncRNAs

and circRNAs possess miRNA binding sites, which allow them

to compete for binding miRNAs, serve as miRNA sponges, and
Frontiers in Immunology 10
242
counteract the repressive transcriptional activity of miRNA on

target genes, thereby achieving indirect regulation of gene

expression. These lncRNAs and circRNAs are called ceRNAs

(13, 14). Based on the ceRNA theory, lncRNA-miRNA-mRNA

and circRNA-miRNA-mRNA ceRNA networks were

constructed, using lncRNAs or circRNA as the decoy, miRNA

as the core, and mRNA as the target. According to the screening

criteria, 53 dif-lncRNAs and 22 dif-circRNAs regulating 33 dif-

mRNAs mainly through 10 dif-miRNAs were selected for

display (Figures 6A, B and Supplementary Table 9). The

heatmaps depicted the expression patterns of partial dif-RNAs

in the infected and mock-infected groups (Figures 3A–D).

According to GO analysis, the regulated genes in the ceRNA

networks are primarily enriched in BP and CC ontologies, such as

the negative regulation of IFN-I production (GO: 0032480),

positive regulation of cholesterol efflux (GO: 0010875), positive

regulation of glucose import (GO: 0046326), regulation of

intracellular pH (GO: 0051453), positive regulation of IL-12

production (GO: 0032735), and protein-containing complex

(GO: 0032991) (Figure 7A and Supplementary Table 9).

Ubiquitin-specific protease (USP4), a key modulator of RLR

signaling pathway, increases the stability of RIG-I protein

through deubiquitination and further promotes the production

of IFN-I (57). BTV-1 infection downregulated a series of

lncRNAs and circRNAs, such as MSTRG.19225.2 and

circRNA7978, and probably deprived their competitive binding

with the corresponding miRNAs, cgr-miR-298-5p_R+1,

and ultimately led to a certain extent of decrease in the

transcription of USP4 (Figures 6A, B). KEGG pathway analysis

indicated that the modulated target genes are mostly assigned to

the NF-kB signaling pathway, TNF signaling pathway,

transcriptional misregulation in cancer, prostate cancer, C-type

lectin receptor signaling pathway, and IL-17 signaling pathway

(Figure 7B and Supplementary Table 9). Except for

transcriptional misregulation in cancer, IkBa was mentioned to

function in the above 5 pathways (Supplementary Table 9) (47,

52, 58). Several significantly elevated lncRNAs and circRNAs,

MSTRG.37789.1, MSTRG.29725.1, circRNA2437, and

circRNA2439, served as sponges of hsa-mir-7977-p5_1ss5AG,

and contributed to the increased transcription level of NFKBIA.

The GO and KEGG enrichment analyses suggested that most dif-

mRNAs in the ceRNA networks are associated with the host’s

inflammatory responses, such as IL-12-, IL-17-, and TNF-related

biological processes or signaling pathways (52, 59, 60).
Protein-protein interaction network,
modules extraction, and functional
enrichment analyses

The PPI network based on dif-mRNAs consisted of 1306

nodes and 7052 interaction pairs (Supplementary Figure 1).

In the PPI network, six modules were determined, which were
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mainly related to viral nucleic acids sensing, antiviral effects,

inflammatory responses, development, cell cycle (Module A, C,

D and E), ribosome structural constituent proteins (Module B),

and cholesterol and steroid metabolism process (Module F),

respectively (Figure 8).

Furthermore, dif-mRNAs in these modules were extracted

and performed for GO enrichment and KEGG analyses

(Supplementary Tables 10–13). Functional enrichment analysis

showed that according to the numbers of enriched dif-mRNAs,

the elevated dif-mRNAs are primarily relevant to defense

response to virus, immune response, cytoplasm, integral

component of membrane, extracellular space, and protein

binding under BP, CC and MF ontologies, respectively

(Figure 9A and Supplementary Table 10). In contrast, the

declined dif-mRNAs were mainly associated with regulation of

transcription (DNA-templated), cholesterol biosynthetic

process, nucleus, integral component of membrane,

membrane, and protein binding under BP, CC and MF

ontologies, respectively (Figure 9B and Supplementary

Table 11). Taking Module A as an example, it contained 35

nodes and 284 interaction pairs, including expression-increased

DDX58, IFIH1, ISG20, IFN-a inducible protein 6 (IFI6), IFN-

induced protein 44-like (IFI44L), bone marrow stromal cell

antigen 2A (BST-2A), BST-2B, IFN regulatory factor 1 (IRF1),
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and ribonuclease L (RNASEL) in defense response to virus term

under BP onto logy , and t ranscr ip t iona l - e l eva ted

ENSOARG00000019675 and ENSOARG00000010819 in

ribosome term under CC ontology (Figure 8) (15, 50, 61–65).

The top 20 KEGG pathways for upregulated and

downregulated dif-mRNAs in the modules were chosen for

display in the order of significance. The upregulated dif-

mRNAs primarily enriched in Influenza A, TNF signaling

pathway, cytosolic DNA-sensing pathway, cytokine-cytokine

receptor interaction, Measles, and Hepatitis C (Figure 9C and

Supplementary Table 12). The downregulated dif-mRNAs

mainly enriched in steroid biosynthesis, TGF-b signaling

pathway, cell cycle, viral carcinogenesis, small cell lung cancer,

and cellular senescence (Figure 9D and Supplementary

Table 13). Steroids and steroid hormones function in

metabolism, stress responses, immune activities, sexual

differentiation and reproduction, and several genes related to

steroid biosynthesis were decreased significantly in BTV-1-

infected OA3.Ts cells, such as lanosterol synthase (LSS),

cytochrome P450 lanosterol 14-a demethylase (CYP51A1), 7-

dehydrocholesterol reductase (DHCR7), and DHCR24

(Figure 8) (66). Moreover, the transcription level of another

member of the cytochrome P450 family, CYP11A1, also declined

(Supplementary Table 2). CYP11A1 is the first and rate-limiting
BA

FIGURE 6

Sankey diagrams of ceRNA network based on (A) lncRNA-miRNA-mRNA, and (B) circRNA-miRNA-mRNA interaction pairs. Different colored
blocks represented different dif-RNA nodes, and the downregulated dif-RNAs were indicated with bold italic font. The flow charts from dif-
lncRNAs or dif-circRNAs to dif-miRNAs, and finally to dif-mRNAs represented lncRNAs or circRNAs regulated the expression of mRNAs through
different miRNAs.
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enzyme in steroidogenesis and converts cholesterol to

pregnenolone, the precursor of steroid hormones (67).

Pregnenolone further produces 17a-hydroxypregnenolone,
dehydroepiandrosterone, androstenedione, and testosterone

under the catalysis of enzymes, which plays an important role

in spermatogenesis (68). Downregulated genes, mothers against
Frontiers in Immunology 12
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decapentaplegic homolog 5 (SMAD5), SMAD6, and SMAD9,

showed in Module E, are all associated with TGF-b signaling

pathway, which involves cell fate, proliferation, terminal

differentiation, and cell death (Figure 8) (69). BTV caused

repression of this pathway by reducing the expression of cell

cycle-related genes, such as cyclin E2 (CCNE2), cyclin-
BA

FIGURE 7

GO annotation and KEGG enrichment of dif-mRNAs involved in ceRNA networks. (A) Z-score in the GO bubble diagram was equal to the total
number of transcriptional increased dif-mRNAs minus the total number of decreased dif-mRNAs and then divided by the square root of the
total number of dif-mRNAs in a certain GO term and was used to measure whether the term was upregulated or downregulated overall. The
size of the solid circulars represented the number of enriched dif-mRNAs under specific GO terms. GO: 0032480: negative regulation of type I
interferon production, GO: 0045727: positive regulation of translation, GO: 0045638: negative regulation of myeloid cell differentiation, GO:
0007417: central nervous system development, GO: 0042733: embryonic digit morphogenesis, GO: 0031397: negative regulation of protein
ubiquitination, GO: 0010875: positive regulation of cholesterol efflux, GO: 0046326: positive regulation of glucose import, GO: 0051453:
regulation of intracellular pH, GO: 0032735: positive regulation of interleukin-12 production, GO: 0032693: negative regulation of interleukin-10
production, GO: 0007399: nervous system development, GO: 0006414: translational elongation, GO: 0046007: negative regulation of activated
T cell proliferation, GO: 0001755: neural crest cell migration, GO: 0043406: positive regulation of MAP kinase activity, GO: 0032088: negative
regulation of NF-kappaB transcription factor activity, GO: 0033138: positive regulation of peptidyl-serine phosphorylation, GO: 0051607:
defense response to virus, GO: 0032991: protein-containing complex, GO: 0030424: axon, GO: 0045202: synapse, GO: 0019899: enzyme
binding, GO: 0031625: ubiquitin protein ligase binding, GO: 0042802: identical protein binding. (B) Top 20 KEGG pathways were selected to
display. Rich factor indicated the ratio of dif-mRNAs enriched to the specific pathway. The size of and the color of the solid circulars
represented the number of enriched dif-mRNAs and significance of the enrichment, respectively.
B C

DE

F

A

FIGURE 8

Modules (A–F) extracted from PPI network. The MCODE plugin in Cytoscape was applied to extract densely connected modules from PPI
network, with degree cut-off = 2, node score cut-off = 0.2, K-score = 2, and max depth = 100. Red and blue circles represented upregulated
and downregulated dif-mRNAs, respectively, whereas the thickness of the solid black line indicated the strength of the corresponding protein
interactions.
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dependent kinase 4 (CDK4), S-phase kinase associated protein 2

(ENSOARG00000019040), and retinoblastoma transcriptional

corepressor like 1 (RBL1), and might further lead to cell cycle

arrest in infected OA3.Ts cells (Figure 8) (70).
Validation of dif-RNAs using qRT-PCR
and WB

Eight each of dif-mRNAs, dif-miRNAs, dif-lncRNAs, and

dif-circRNAs were selected for qRT-PCR verification. As shown

in Figure 10, the expression trends of the vast majority of

selected dif-RNAs were highly consistent with the sequencing

results, with significant differences between the infected and

mock-infected groups, except for rno-miR-871-3p_R-

2_1ss13TC, chi-mir-328-p5, MSTRG.14318.1, circRNA2484,

and circRNA7981. In addition, some validated dif-RNAs in

the infected and mock-infected groups were labeled in the

heatmaps, respectively (Figures 3A–D).

Six proteins CASP8, connective tissue growth factor (CTGF,

also known as CCN2), NEMO, IkBa, PI3K interacting protein 1
Frontiers in Immunology 13
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(PIK3IP1), and RIG-I were selected for further WB validation.

Except for RIG-I, the expression patterns of other proteins

coincided with the sequencing results (Figure 11).
Discussion

BTV pathogenicity and its interactome with the host are

highly complex. Moreover, alternations in the host transcription

profiles caused by BTV infection are enormous and systemic.

However, the RNA expression profiles and involved biological

processes in host cells responding to BTV infection have not

been comprehensively elucidated. As an increasingly popular

method to detect genome-wide gene expression, the

combination of expression profile data and bioinformatics

analyses has become an effective modality for identifying

potential biomarkers and key pathways in various pathogens’

infections. In this study, in order to gain some clues for an in-

depth understanding of BTV infection and pathogenic relevant

mechanisms, we determined the differential expression profiles

of mRNAs, miRNAs, lncRNAs, and circRNAs in OA3.Ts cells
B

C D

A

FIGURE 9

Go annotation and KEGG enrichment of upregulated and downregulated dif-mRNAs displayed in the extracted six modules. Top 50 GO terms
and top 20 KEGG pathways were shown. (A, C) The height of bar chart represented the ratio of enriched dif-mRNAs under specific GO terms.
(B, D) Rich factor of the KEGG scatter diagrams indicated the ratio of dif-mRNAs enriched to the specific pathway. The size of and the color of
the solid circulars represented the number of enriched dif-mRNAs and significance of the enrichment, respectively.
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infected with BTV-1 through high-throughput whole-

transcriptome sequencing, analyzed the GO terms and

signaling pathways enriched by dif-RNAs, predicted the

potential interactions between dif-RNAs, and verified the

sequencing results of some dif-RNAs using qRT-PCR and WB.

BTV regulates the transcription system, hijacks biological

pathways, and utilizes factors of the mammalian host to

complete its life processes, such as infection, replication,

packaging, and release, which can lead to a series of reactions

in the host cells, including but not limited to autophagy,

apoptosis, and cell lysis (9, 54, 71, 72). These reactions are a

wrestle between BTV and the host cells, progressively advanced

and completed. Therefore, some critical time nodes are

significant to completing the virus life cycle. As observed in

Figure 1A, previous studies also pointed out that the autophagy

and apoptosis phenomenon gradually appeared from 24 hpi (10,

11, 71). In addition, the IFN levels decreased and became

undetectable at 24 hpi (55); As for reversible protein

phosphorylation, the most pervasive control and regulatory

mechanism within cells, also began to transit from 24 hpi, for
Frontiers in Immunology 14
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example, the phosphorylation status of Akt exhibited a

significant conversion from increasing to decreasing at 24 hpi

(73). Hence, we selected OA3.Ts cells infected with BTV-1 for

24 h as samples for whole-transcriptome sequencing to clarify

the transcription profiles changes induced by BTV infection.

Although human lung adenocarcinoma (A549) cells were

thoughted to be a good model for studying BTV infection, our

sequencing data identified relatively few dif-mRNAs compared

to the 2863 dif-mRNAs previously found between BTV-8-

infected and mock-infected A549 cells. While a comparable

number of dif-mRNAs was obtained in our study in

comparation with 1152 dif-mRNAs determined in research

conducted in BTV-16-infected sheep PBMCs (Supplementary

Table 2) (12, 15). There was no doubt that A549 cells and

OA3.Ts cells derived from different species is one reason for the

differences, whereas another more important reason was that the

BTV-8 strain with stronger virulence and higher MOI of 4 was

used to infect A549 cells and induced more dramatic host

responses, which ultimately manifested as extensive changes in

the expression of genes. Although the same serotype strains were
B

C D

A

FIGURE 10

Verification the expressions of (A) dif-mRNAs, (B) dif-miRNAs, (C) dif-lncRNAs, and (D) dif-circRNAs using qRT-PCR, respectively. Blue and red
bars represented the whole transcription sequencing results and qRT-PCR validation results respectively, whereas qRT-PCR validation results
were displayed as mean log2 (fold change) ± SD with error bars from three independent experiments. Symbols * and ** indicated the difference
between the indicated groups was significant (p-value < 0.05) or very significant (p-value < 0.01 respectively.
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used to infect sheep-derived cell lines, the highly tissue-specific

expression of some miRNAs and the difference in infection time

may lead to divergences in miRNA expression profiles, similar to

the changes caused by other RNA viruses (74, 75). Therefore,

only 9 dif-miRNAs were shared between the 78 dif-miRNAs

identified in our study and the 265 dif-miRNAs obtained in the

previous study, and merely 6 dif-miRNAs possessed similar

expression patterns (Supplementary Table 3) (10).

Through functional analyses, it was found that a total of 35

dif-mRNAs are enriched in the defense responses to virus term

(GO: 0051607), which involved RLR signaling pathway, TLR

signaling pathway, and NLR signaling pathway (Figures 4A, 5A

and Supplementary Table 2). RLR and TLR signaling pathways
Frontiers in Immunology 15
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are primarily responsible for sensing viral RNAs (50). RIG-I and

MDA5 act as dsRNA sensors within the RLRs family and

recognize relatively short and long dsRNAs, respectively,

which explains why the expression level of IFIH1 encoding

MDA5 induced by BTV infection was higher than that of

DDX58 encoding RIG-I (Supplementary Table 2) (52, 76).

Despite the role of LGP2, another member of the RLRs family

encoded by DEXH (Asp‐Glu‐X‐His) box polypeptide 58

(DHX58), in resisting RNA virus infection is not yet fully

understood, the transcriptional level of DHX58 was

upregulated, although the fold change was lower than those of

the other two members (Supplementary Table 2). The same

expression pattern of DDX58, DHX58, and IFIH1 was also
FIGURE 11

Validation the expressions of six dif-mRNAs using WB. The expression patterns of CASP8, CTGF, NEMO, IkBa, PIK3IP1, and RIG-I were validated
using WB with specific antibodies. M and B indicated mock-infected and BTV-1-infected groups, respectively. NS3 was detected as control for
successful infection, whereas b-tubulin served as an internal control. Symbols * and ** indicated the difference between the indicated groups
was significant (p-value <0.05) or very significant (p-value <0.01), respectively.
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detected in BTV-8-infected A549 cells (12). TLR3, TLR7, and

TLR9 of the TLRs family sense dsRNA, single-stranded RNA,

and DNA, respectively. Despite the previous study pointing out

that BTV-activated IFN-I responses via TLR3 recognition, the

expression level of TLR3 was not induced by BTV infection in

our study (77). Instead, the expression levels of TLR7 and TLR9

were significantly increased, which were partially consistent with

the previous studies (Supplementary Table 2) (12, 15).

Nevertheless, whether the TLR signaling pathway is activated

by virus infection cannot be generalized. For instance, Chauveau

et al. (2012) indicated that impairment of TLR3 exhibits no or

weak effect on IFN-I transcription induced by BTV-8; Singh

et al. (2017) regarded TLR7 as an important immune gene for

resisting BTV-16 infection in sheep PBMCs; Ruscanu et al.

(2012) noted that BTV-8 induces IFN-I production in sheep

plasmacytoid dendritic cells (DCs) via a TLR7-independent

signaling pathway; As for the TLR9-related signaling pathway,

a typical DNA sensing pathway, could be activated by the

dengue virus in human DCs (15, 76, 78, 79). Hence, whether

TLRs are activated depends on the virus species and the type of

cells it infects, and the transcription levels of TLRs induced by

BTV infection might also be relevant to cell types.

In response to BTV infection, RNA virus and DNA virus

sensing receptor and adaptor proteins showed a degree of

versatility, and their downstream signal transmitters present

extensive crosstalk to save resources and improve the efficiency

of the host (80). Just like Z-DNA binding protein 1

(ENSOARG00000017418 also known as ZBP1) and cyclic

GMP-AMP synthase (ENSOARG00000006104 also known as

cGAS), which play important roles in restricting RNA and

DNA virus infections, were all transcriptionally elevated

obviously in our study (Supplementary Table 2) (80, 81).

Furthermore, RNA virus infection plausibly prompts DNA

damage in the host cell, and the leaked self-DNA further

activates DNA recognition pathways and increases the

production of IFNs and inflammatory cytokines (82). Thus, it

was not unexpected that dif-mRNAs induced by BTV infection

were enriched in HSV-1, EBV and KSHV infection related

signaling pathways (Figure 5A and Supplementary Table 2).

The final result of recognizing viral DNA or RNA is the

production of IFNs, the core effector of the host’s innate immune

system. Thus, the confrontation between BTV and the innate

immune system was reflected in both sides’modulation of IFN-I

production. Aside fromUSP4, some other ubiquitin transferases,

such as RING-type E3 ubiquitin transferase (RNF125) and

SMAD ubiquitylation regulatory factor 1 (SMURF1), which are

negative regulators of RIG-I, MDA5, as well as mitochondrial

antiviral-signaling (MAVS), were significantly induced

expression by BTV (Supplementary Table 2) (83). As a

counterattack from the host, tripartite motif 25 (TRIM25), an

indispensable positive regulator of RIG-I, was also obviously

upregulated, which functions to activate the activity of RIG-I.

However, the extent of the increase was slightly inferior to that of
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RNF125 (Supplementary Table 2) (83). Our sequencing data also

revealed that in contrast to the increased expression of RLRs

family members, transcription of MAVS and tumor necrosis

factor receptor-associated factor 3 (TRAF3) within the RLR

signaling pathway did not change significantly, potentially

further weakening signal transduction downstream.

Furthermore, the downregulation of IKBKE and IKBKG could

cause the profound interruption of signal transduction and

direct impairment of IFN-I production through IRF3

(Supplementary Table 2) (52, 84). Nevertheless, the

transcription of other important regulators that negatively

modulate IFN-I production by targeting RIG-I downstream

proteins and NEMO, such as TRIM18 and TRIM29, showed

no significant concomitant changes (85–87). In order to defeat

BTV, the host cells also arranged other trumps. Poly(ADP-

ribose) polymerases (PARPs) modulate the innate immune

responses through recognition of viral RNAs, inhibiting viral

transcription and replication, degradation of viral proteins, and

facilitating transcription of ISGs to defend against virus invasion

(88). In our study, the expression of PARP9, a non-canonical

sensor for RNA virus, along with its binding partner, Deltex E3

ubiquitin ligase 3L (DTX3L), were all elevated; moreover,

PARP10 , PARP12 , and PARP14 were concomitantly

upregulated significantly (Supplementary Table 2) (88, 89).

The target genes of dif-lncRNAs were also responsible for the

enrichment in protein ADP-ribosylation (GO: 0006471) and

nicotinamide adenine dinucleotide (NAD) + ADP-

ribosyltransferase activity (GO: 0003950) terms under BP and

MF ontologies (Figure 4C and Supplementary Table 7). In

conclusion, despite BTV intensively regulated IFN-I

production, it was still a strong IFN-I inducer. ISG15 is an

IFN-induced expression protein that mediates ISG15ylation by

conjugating itself with other proteins and causing the

degradation of corresponding proteins (90). The transcription

levels of homologous to E6AP carboxyl terminus (HECT)

domain and regulator of chromosome condensation 1

(RCC1)-like domain-containing protein 5 (HERC5) and

HERC6, which are associated with ISG15ylation, were all

elevated significantly (Supplementary Table 2) (90). Similarly,

HERC5 was upregulated in BTV-16-infected sheep PBMCs and

functioned as a critical immune gene (15).

The NLR signaling pathway, the third pathway involved in

defense responses to virus, mainly recognizes invading bacteria

and regulates the host’s inflammatory responses (52, 91). Our

study did not observe alternations of important sensors in NLR

signaling pathway, such as NOD1 and NOD2, contrary to the

study conducted in BTV-16-infected sheep PBMCs

(Supplementary Table 2) (15). At the same time, the expression

of other members of the NLRs family was significantly changed,

just like increases of NLRs family pyrin domain-containing 3

(NLRP3) relevant to inflammasome formation. Elevation of

caspase-1-like protein (ENSOARG00000003068), which belongs

to the mammalian inflammatory caspase family and catalyzes the
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maturation of proinflammatory cytokine IL-1b, was also

accompanied (Supplementary Table 2) (91). In addition to the

abovementioned members of the NLRs family, the enrichment in

the TNF, IL-12, and IL-17 production or signaling pathways, the

high expression of CXCL8 and CXCL10, and the upregulation of

IL-6 and prostaglandin-endoperoxide synthase 2 (PTGS2)

positively contributed to the inflammatory responses of the host

(Figures 5, 7, and Supplementary Table 2) (8, 92). However, pro-

inflammatory cytokines are a double-edged sword. On one side,

they control the scope of viral infection. On the other side, they

also contributed to cytokines storm, capillary vessels damage and

increased vascular permeability, coupled with the transcriptionally

enhanced vascular endothelial growth factor (VEGF) and vascular

endothelial growth factor receptor 2 (KDR), which would

eventually lead to an aberrant systemic inflammatory response

and severe hemorrhages in infected animals (Supplementary

Table 2) (8, 92, 93).

In this still stalemate war, the virus has already narrowly won

some important battles, such as transcription and translation

regulations, cell proliferation and differentiation, metabolism,

autophagy, and apoptosis. Seventy dif-mRNAs were enriched in

DNA-binding transcription factor activity (GO: 0003700) term

under MF ontology, and the expression of several essential

transcription factors was downregulated. The transcription of

a considerable amount of zinc finger proteins was also reduced

(Figure 4 and Supplementary Table 2). The general elevation of

dif-mRNAs encoding ribosome constitutive proteins exhibited

in Figure 8 Module B suggested that BTV hijacks the host’s

translation system to synthesize viral proteins (94). Given that

the dysregulation of transcription and translation is bound to

influence the proliferation and differentiation of host cells, the

expression declined SMAD6 and SMAD9 were the direct

executors of inhibiting these processes (Figure 8 and

Supplementary Table 2) (69). Additionally, there was a

widespread transcriptional reduction of cholesterol and steroid

metabolism-relevant genes (Supplementary Table 2), which

might be the underlying mechanism behind the phenomenon

of testicular degeneration and azoospermia in BTV-infected

rams described in a previous study (2). Similarly, BTV

infection elicited wide-ranging transcriptional misregulation of

dif-miRNAs and dif-circRNAs enriched in cancer-related

pathways (Figures 5B, D; Supplementary Tables 6, 8).

Glutamine, a crucial extracellular carbon source, is relied upon

to replicate of various viruses (95, 96). BTV also modulated the

D-glutamine and D-glutamate metabolism in infected OA3.Ts

cells through dif-lncRNAs and dif-circRNAs (Figures 5C, D;

Supplementary Tables 7, 8). In a word, the abnormal regulation

of transcription, translation, and metabolism by BTV inevitably

caused various dysfunction in the host cells.

Talking about the slightly superior victory of BTV, we have to

mention autophagy and apoptosis. Because, on one hand, although

the host activates autophagy and apoptosis to clear damaged

organelles and infected cells, limiting the spread of virus. It also
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carefully controls the extent of autophagy and apoptosis to mitigate

the self-damage. On the other hand, the viruses enhancing

autophagy and apoptosis to complete their life cycle are their

customary means (11, 71). As observed in Figure 1, BTV

infection had prompted apoptosis steadily, and the visible CPEs

gradually expanded from 24 hpi to 48 hpi. Moreover, apoptosis

implicates the ordered function of multiple proteases, including

peptidase, hydrolase, and endopeptidase (97). The proteases CASP8

and CASP7, activator and executor of apoptosis, were inductively

highly transcribed (Supplementary Table 2) (55). Matrix

metalloproteinases (MMPs) are proteolytic enzymes that cleave

almost all extracellular matrix components. MMP1, MMP3,

MMP12, and MMP13 served as collagenase, stromelysins, and

elastase, respectively, and the genes encoding these four proteases

were upregulated in our study, which would change the extracellular

environment and exacerbate apoptosis (Supplementary Table 2)

(98). At the same time, dif-miRNAs also appreciably contributed to

the positive regulation of apoptosis flux (Figure 4B and

Supplementary Table 6). Additionally, the elevated autophagy

related 2B (ATG2B), an indicator of late steps of autophagy, and

other relevant dif-mRNAs all played positive roles in the eventual

execution of autophagy (Supplementary Table 2) (99).

Simultaneously, GO analysis indicated that there are about a

dozen of dif-circRNAs that also probably make contributions to

the regulation of autophagy (Supplementary Table 8).

Finally, we needed to investigate the NF-kB signaling pathway

separately because it is involved in transcription regulation,

inflammation, and apoptosis (11, 41, 100). In our study, the

elevated transcription levels of REL, NFKB1, RELB, TANK, IL-1a,
IL-6, and CXCL8 suggested that canonical and non-canonical NF-

kB signaling pathway were activated, at least before 24 hpi. This was

consistent with the findings of Stewart et al. (2010) that the NF-kB
signaling pathway was activated in the early stage of BTV infection,

thereby inhibiting BTV replication (Supplementary Table 2) (11).

From 24 hpi, the activity of canonical and non-canonical NF-kB
signaling pathway was suppressed by BTV, as evidenced by

increased transcription levels of their repressors, NFKBIA and

NFKBIB, as well as decreased expression levels of IKBKG and

IKBKE with the intermediary centrality in the NF-kB interactive

network (Supplementary Table 2) (47). Although the expression

levels of some downstream genes and facilitators remained high,

just like REL, NFKB1, RELB, and TANK, these high levels of

transcription were likely in vain relative to the downregulation of

the betweenness center, and the upregulation of repressor genes

since the anti-apoptotic function of the NF-kB signaling pathway

was progressively lost starting from 24 hpi. Apoptosis and its

resulting CPEs significantly expanded their influences at 48 hpi,

the most common and best-characterized form of inflammation-

induced cell death (Supplementary Table 2) (11, 47).

Our study presented a whole transcriptome map of BTV-

infected sheep embryonic testicular cells for the first time, outlined

the context of virus-and-host cell interactions, and provided new

clues to elucidate the underly mechanisms of the host by which
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BTV exploited or hijacked. Unfortunately, the NF-kB complex

interactive network involves more than 300 members, and it is

difficult to identify its role in the BTV infection process from the

current results. Our sequencing data could only suggest similar

conclusions to previous studies: BTV activated NF-kB signaling

pathway in the early stage of infection, but inhibited it in the late

stage, and BTV-induced apoptosis did not depend on the

activation of this signaling pathway (11). We speculate that other

signaling pathways, similar to NF-kB pathway, are regulated

differently in different stages of infection with the progression of

BTV infection. At the same time, further transcriptome sequencing

and experimental verification at more intensive infection time

points will help us to understand the different regulations of these

signaling pathway more clearly in the process of BTV infection.

The variation of the transcriptional profile implicated a

series of transcription factors, and the changes in transcription

factors and validation of transcriptomic sequencing data could

be further analyzed in conjunction with an assay for transposase-

accessible chromatin with high-throughput sequencing (ATAC-

seq). The OA3.Ts cell is a sheep embryo-derived cell line with

differentiation potential, resulting in a relatively complex cell

type composition. The transcriptional profile changes involved

in the BTV infection process vary widely among different type of

cells, which may cause the expression of some transcripts to be

annihilated, and then exert an impact on our analysis results.

Single-cell transcriptional profiling is also a promising

technology for elucidating the infection and pathogenic

mechanisms of BTV at the transcriptional level.
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SUPPLEMENTARY FIGURE 1

The PPI network based on dif-mRNAs constructed using STRING online
database which was consisted of 1306 nodes and 7052 interaction pairs.

Red and blue circles represented upregulated and downregulated dif-

mRNA, respectively, whereas the thickness of the solid black line indicated
the strength of the corresponding protein interactions.
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