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In the process of infecting the host, alphaherpesviruses have derived a series of
adaptation and survival strategies, such as latent infection, autophagy and immune
evasion, to survive in the host environment. Infected cell protein 22 (ICP22) or its
homologue immediate early protein 63 (IE63) is a posttranslationally modified
multifunctional viral regulatory protein encoded by all alphaherpesviruses. In addition to
playing an important role in the efficient use of host cell RNA polymerase |, it also plays an
important role in the defense process of the virus overcoming the host immune system.
These two effects of ICP22/IE63 are important survival strategies for alphaherpesviruses.
In this review, we summarize the complex mechanism by which the ICP22 protein
regulates the transcription of alphaherpesviruses and their host genes and the
mechanism by which ICP22/IE63 participates in immune escape. Reviewing these
mechanisms will also help us understand the pathogenesis of alphaherpesvirus
infections and provide new strategies to combat these viral infections.

Keywords: alphaherpesviruses, ICP22/IE63, RNA polymerase Pol Il, immune evasion, antiviral response

1 INTRODUCTION

Herpesviruses are a type of linear double-stranded DNA virus with the same morphology and
capsule. At present, more than 120 kinds of herpesviruses have been identified that can infect
humans and other vertebrates (1), and they mainly damage the skin, mucous membrane and nerve
tissue and seriously affect the health of people and other animals. According to the different physical
and chemical properties and biological characteristics of the viruses, herpesviruses can be divided
into Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae (2). The human
alphaherpesvirus (0-HV) subfamily includes herpes simplex virus type 1/2 (HSV-1/2) and
varicella zoster virus (VZV). The animal o-HV subfamily includes pseudorabies virus (PRV),
bovine herpesvirus (BHV), equine herpesvirus (EHV), Marek’s disease virus (GaHV-2), canine
herpesvirus (CHV), and duck plague virus (DPV).
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Previously, research on ICP22 mainly focused on its structure
and transcriptional regulation function. Studies have shown that
ICP22 is a transcription inhibitor that can restrict the transcription
and expression of host genes that are not conducive to virus
replication through different mechanisms during the transcription
process (3). In recent years, it has been found that it also plays an
important role in evading the host immune response. The
important role played by ICP22/IE63 in transcriptional regulation
and defense against host immunity has promoted the survival of o-
HV. In this article, we describe the recent role of the ICP22/IE63
protein in viral and host gene transcription and its role in evading
the host immune response. These effects are important strategies for
the survival of o-HV in vivo. We aim to provide new treatment
ideas for a-HV infection and the diseases it causes through an in-
depth understanding of the molecular mechanism of ICP22/IE63 as
a viral protein that hijacks host cell RNA polymerase II (Pol II) and
resists the host's immune response, finds and destroys the key
targets of its molecular mechanism. Any drug that interferes with
these steps may decrease viral survival, which will help develop new
antiviral drugs and vaccines.

2I1CP22 IS ENCODED BY ALL
ALPHAHERPESVIRUSES

At present, ICP22 research mainly focuses on HSV-1, HSV-2
and VZV. The ICP22 gene is found in a different location in the
o-HV genome (Figure 1). According to reports, ICP22 is
modified during viral infection, and its size is larger than the
predicted molecular weight (4-9). For example, DPV ICP22 has
a predicted molecular weight of 35 kDa but produces a widely
modified 57 kDa protein in infected cells (7). In addition, VZV
IE63 (ICP22 homolog) is encoded by open reading frames 63 and
70 (ORF63/70), with a predicted molecular weight of 30.5 kDa,
but it produces a widely modified 45 kDa protein in infected cells
(6). The genes of 0-HV are divided into immediate early (IE)
genes, early (E) genes and late (L) genes according to the timing
of gene expression. IE genes can adjust the expression of E and L
genes (10). ICP22 has been described as an IE gene in HSV-1,
HSV-2, VZV and DPV but appears to be a nonlE gene in PRV
(11) and both an IE and L gene in BoHV-1 and EHV-1 (8, 9, 12).

Bioinformatics analysis of the ICP22 protein showed that the
o-HV ICP22 protein has a conserved Herpes IE68 superfamily
domain (Figure 1). Comparing the primary structure of the ICP22
protein encoded by a-HV, except for the conserved regions, the
other regions have low homology (13) (Table 1). Studies have
shown that aa 193-256 of HSV-1 ICP22 in the conserved sequence
is sufficient to interact with cyclin-dependent kinase (CDK9) and
inhibit Pol II carboxyl-terminal domain (CTD) serine (Ser)2
phosphorylation, which suggests that ICP22 from other o-HVs
may also interact with and inhibit positive-transcription
elongation factor b (P-TEFb), thereby mediating the
transcriptional regulation of viral and host genes (3). The HSV-
1 Usl gene locus hides a second gene called Us1.5, which encodes
a 273 amino acid N-terminal truncation of ICP22 (14).
Usl.5 protein may have some regulatory effects on ICP22.

Few studies have distinguished the function of ICP22 from the
Usl.5 protein when analyzing ICP22 (15).

In addition, the C-terminus of ICP22 has a large number of
phosphorylation sites. Phosphorylation modification is essential
for ICP22 to perform transcriptional regulation. After HSV-1
ICP22 is phosphorylated by the viral UL13 protein kinase, it
participates in changing the phosphorylation status of Pol II,
thereby promoting the transcriptional expression of late genes
(16); the transcriptional inhibition region of VZV IE63 is located
in the carboxy terminal region (210-278 aa), where CDKI-
mediated phosphorylation of VZV IE63 Ser-224 and Thr-222
is essential to inhibit the basic activity of viral gene promoters,
indicating that phosphorylation of IE63 is necessary for its
suppressive properties (17-19).

Most ICP22 homologs have one or more nuclear localization
signals (NLSs) (7, 9, 20-23), thus ICP22 is localized in the
nucleus. Related studies have shown that after NLS mutation
or deletion of HSV-1 ICP22 and DPV ICP22 (AICP22 NLS), or
after infection with the AICP22 NLS virus, the ICP22 protein is
still located in the nucleus (7, 22, 24), suggesting that ICP22
enters the nucleus. There may be a nonNLS-dependent
mechanism, and it may be that ICP22 cooperates with some
viral proteins or host proteins to localize it to the nucleus. GaHV-
2 ICP22 does not contain an NLS, and it is located in the
cytoplasm (25). Interestingly, the ectopic expression of GaHV-
2 ICP22 downregulated the transcriptional activity of the five
promoters tested (25), which indicates that GaHV-2 ICP22 may
exert its inhibitory effect in the cytoplasm, that is,
posttranscriptional level regulation. It has also been reported
that after NLS mutation of VZV IE63, the transcriptional
repressive function of IE63 is affected, but it still exerts a
transcriptional repressive effect (18, 19). It is speculated that
IE63 can exert its transcriptional inhibitory activity in two
independent manners, namely, through transcription in the
nucleus or a posttranscriptional mechanism in the cytoplasm.

3 ICP22 PROTEIN PROMOTES VIRUS
SURVIVAL THROUGH TRANSCRIPTIONAL
REGULATION

Viruses lack the basic mechanism of replication and must hijack
the relevant functions of the host cell to complete the virus
replication cycle, thereby producing progeny virus particles that
can survive in the host. Similar to most nuclear-replicating DNA
viruses, 0-HV uses cellular Pol II to transcribe viral genes,
thereby reproducing in host cells (26). ICP22 inhibits the Pol
IT occupancy rate of certain cell genes by participating in various
mechanisms in transcriptional regulation and promotes the
high-level transcription of viral genes by Pol II. Thereby
promoting the survival of a-HV (27-29).

3.1 Eukaryotic Transcription Process
Mediated by Pol Il

The Pol II-mediated eukaryotic transcription process includes
pretranscription initiation, transcription initiation, transcription
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FIGURE 1 | Schematic diagram of the position of ICP22 homologs in the a-HV genome. The a-HV genome is composed of unique long (UL), unique short (US),
terminal repeat sequence (TRS) and internal repeat sequence (IRS). ICP22 homologs are located in the US or repeat sequence of the genome. The HSV-1, HSV-2,
and GaHV-2 ICP22 genes are located in the US region of the viral genome and are single-copy genes; VZV, PRV, BHV-1, and EHV -1 ICP22 contain two copies,
located in two inverted repeats of the genome. DPV ICP22 contains two copies, located in the US region of the genome. They all contain a conserved Herpes_IE68
domain, which is an immediate early protein.

TABLE 1 | Comparison of protein sequence similarity of ICP22 homologous protein of o-HV.

Homology Matrix of 8 sequences.

HSV-1 100%

HSV-2 73.1% 100%

\74% 25.0% 26.3% 100%
GaHV-2 20.5% 16.7% 25.6%
PRV 28.2% 26.9% 35.9%
DEV 24.4% 22.4% 32.1%
EHV-1 22.4% 23.7% 38.5%
BHV-1 21.8% 22.4% 34.0%

100%

26.3% 100%

26.9% 38.5% 100%

25.0% 57.1% 35.3% 100%

25.0% 50.0% 34.0% 53.2% 100%

extension and transcription termination (30). The initiation of
gene transcription depends on the recognition of specific
sequences in the promoter region and the assembly of the
preinitiation complex (PIC) formed by cellular Pol II and a
variety of transcription factors. The PIC is composed of Pol II

and general transcription factors (GTFs) (Figure 2A). According
to the presence or absence of the TATA box (TATA-box) on the
gene promoters, genes can be divided into TATA-box-
containing promoters or TATA-box-free promoters (32). The
TATAA sequence is recognized by TATA-binding protein
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FIGURE 2 | Schematic diagram of VZV IE63 hindering PIC assembly. (A) PIC assembly. The TFIID subunit TBP recognizes and binds to the TATA-box element on
the promoter; then TFIIB binds to TBP, and TFIIB can also bind to DNA; then the TFIIB-TBP complex binds to the Pol lI-TFIIF complex, and TFIIF can pass through
Pol Il interacts with TFIIB to reduce the binding of Pol Il to the nonspecific part of DNA, thereby assisting Pol Il to target binding to the promoter; finally, with the
participation of TFIIE and TFIIH, PIC assembly is completed (31). (B) Schematic diagram of VZV IE63 affecting the assembly of the PIC. For genes containing a TATA
box on the promoter, the ectopic expression of IEG3 can interact with TFIIH, TFIIE and Pol Il in the PIC on the promoter, creating steric obstacles to the assembly of
the PIC, thereby interfering with the stability of the transcription initiation complex and inhibiting the initiation of transcription. In contrast, IE63 has no effect on genes

without a TATA box.

(TBP), which binds to DNA along with several TBP-associated
factors (TAFs) as the TFIID complex. TFIIB recognizes BRE
elements and facilitates the recruitment of hypophosphorylated
Pol II-TFIIF and other GTFs to the promoter to assemble the
PIC (Figure 2A). For genes lacking the typical TATA sequence,
other core promoter elements play a major role in the
recognition of the promoter by the transcription mechanism.
TFIID and similar complexes can recognize such sequences, bind
to DNA, and effectively form functional PICs (30) (Figure 2A).
After the assembly of PIC is completed, the mediator complex
activates TFIIH, leading to the phosphorylation of Ser-5 and Ser-
7 of multiple repeated hepteptide sequences (Tyrl-Ser2-Pro3-
Thr4-Ser5-Pro6-Ser7) on the C-terminal domain (CTD) of the
large subunit of Pol II. Then, Pol II is released on the promoter to
initiate transcription (33).

After Pol II starts transcription, it pauses approximately 30-50
nucleotides downstream of the transcription start site (TSS) (34,
35) (Figure 3A). This promoter-proximal pausing (PPP) serves
as a checkpoint for gene transcription extension, ensuring the
completion of the capping procedure at the 5 end (36, 37).
1-B-D-ribofuranosylbenzimidazole sensitive inducing factor
(DSIF) and negative elongation factor (NELF) are the key
factors of PPP (38). NELFs and DSIFs can combine with Pol II

in the transcription pause state and maintain the stability of their
pause. To release Pol II and activate productive elongation,
activated P-TEFb needs to be recruited into the gene locus
(39). P-TEFb is composed of CDK9 and cyclin T1 (cycT1).
Activated P-TEFb phosphorylates Pol II CTD Ser-2, NELF and
DSIF, dissociates NELF from the transcription elongation
complex, and reverses DSIF to a transcription elongation
factor, thereby releasing Pol II in a state of transcriptional
pause and initiating Pol II's effective transcription extension
mode (40-42). In this process, P-TEFb phosphorylation of Pol
IT may require the participation of other regulatory factors (40).
Pol II transcription extends to the polyadenylation signal (PAS),
and the synthesis ability of Pol II slows down. Various
polyadenylation factors are recruited here to complete
transcript cleavage and 3’ end processing (43).

3.2 VZV IE63 Inhibits the Expression of
Certain Genes by Interfering With the
Assembly of PIC to Increase the

Production of Progeny Viruses
The role of IE63 as a transcriptional regulator is not fully
understood and is still controversial. At present, most studies
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FIGURE 3 | HSV-1 ICP22 changes the phosphorylation state of Pol Il to regulate transcriptional extension. (A) Schematic diagram of the Pol Il-mediated
transcription process. When PIC is assembled, it stimulates the CDK7 subunit of TFIIH to phosphorylate CTD Ser-5. Immediately, Pol Il breaks away from the gene
promoter, and after the first 30-50 nucleotides are transcribed, it pauses at approximately 30-50 nucleotides downstream of the transcription start site (TSS). To
overcome ppp, activated P-TEFB is recruited to the gene locus. Activated P-TEFb phosphorylates Pol Il CTD Ser-2, NELF and DSIF and initiates Pol II’s efficient
transcription extension mode. (B) HSV-1 ICP22 directly interacts with CDK9 and inhibits CDK9 enzyme activity, thereby inhibiting Ser-2 phosphorylation and
inhibiting the transcription of cellular genes. (C) ICP22 regulates the IE gene. VP16 recognizes and binds to the core motif TAATGARAT near the IE gene promoter to
activate IE gene expression. VP16 may release the transcriptional inhibition of the IE gene by ICP22 by interacting with P-TEFb. (D) It is unclear how HSV-1 blocks
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claim that IE63 is a transcription inhibitor, but some studies have
shown that IE63 can activate the transcription of certain genes.
The current consensus is that IE63 has limited transcriptional
effects on viral and cellular genes (6, 25, 44-48). This effect
depends in part on the cell type under study, viral vector and
chromatin, and promoter accessibility (1, 25, 48). In addition,
these inhibitory properties also depend on the phosphorylation
state of the protein (18, 19, 48). Di Valentin E et al. (49) used
VZV promoters to study the transcriptional regulation

characteristics and mechanisms of the IE63 gene. Their results
showed that IE63 can inhibit the basic activity of most viral
promoters in epithelial cells and neuronal cells to varying degrees
and can also inhibit the activity of heterologous viral genes and
cellular gene promoters. The IE63-mediated inhibition
mechanism is not controlled by the upstream regulatory
elements of the promoter but only targets the TATA-box
sequence. The basic activity of nonTATA-box promoters is not
affected by IE63. In-depth research found that IE63 can interact
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with TFIIH, TFIIE and Pol II in PIC, resulting in a decrease in
the content of TFIIB, TFIIE and TFIIH in PIC in the PIC
assembly test. It is speculated that IE63 can block the
interaction of PIC with many basic transcription factors and
destroy the stability of PIC in this way. In addition, Habran et al.
(48) assessed the regulatory characteristics of IE63 on the
expression of endogenous genes based on the oligonucleotide-
based microarray method and found that IE63 can positively or
negatively regulate the transcription of some genes in HeLa cells,
including genes related to transcription or immunity. This effect
is mediated by modifying the binding of Pol II on the tested
promoters. Therefore, in combination with the above research,
we propose a model (Figure 2B): IE63 interacts with TFIIH,
TFIIE and Pol II in PIC, creating steric obstacles to the assembly
of PIC, interfering with the stability of the transcription initiation
complex, and thereby inhibiting transcription initiation. This
indicates that VZV IE63 is a transcription repressor that directly
affects basic transcription factors. The assay also showed that
IE63 does not affect TBP, and TBP recognition of TATA-box
components is a key step in the formation of PIC. IE63 only
interacts with a small number of GTFs, which also indicates that
the transcriptional regulatory function of IE63 is limited. The
mechanism of how IE63 targets the TATA-box sequence needs
further study.

IE63 may regulate the expression of certain viral genes to
promote viral survival. For example, IE63 clearly inhibits the
transcription of the IE62 gene (25, 49). IE62 is the main
transactivator of VZV and an essential gene for virus
replication. IE62 has a negative transcriptional regulation effect
on itself (50-52). It is speculated that maintaining IE62 below the
cytotoxicity threshold is related to obtaining a high level of virus
production and viral survival (53). Therefore, IE63 may promote
viral survival by inhibiting the expression of the IE62 gene.

3.3 HSV-1 ICP22 Promotes Viral Survival
by Regulating Transcription Elongation
3.3.1 ICP22 Turns Off the Expression of Host Cell
Genes That Are Not Conducive to Virus Replication
by Regulating the CDK9-Mediated Pol Il
Phosphorylation Event in the P-TEFb Complex

HSV-1 significantly alters the phosphorylation modification of
Pol II after infecting host cells, and ICP22 is a key protein
involved in this effect (29, 54, 55). Pol II is composed of 12
subunits, and the amino acid sequence of the CTD of its LS
consists of multiple repeating heptapeptide Tyrl-Ser2-Pro3-
Thr4-Ser5-Pro6-Ser7 sequences. The CTD acts as a scaffold
during transcription to recruit factors required for mRNA
processing and chromatin modification of the Pol II complex,
but this role depends on the phosphorylation of CTD (56), where
the phosphorylation of CTD Ser-2 and Ser-5 are the most critical
(Figure 3A). Phosphorylation of Ser-5 triggers recruitment of
the capping enzyme for formation of the 5” cap structure. Ser-2
phosphorylation is closely related to Pol IT’s ability to overcome
transtranscriptional pauses and can serve as a key point for
transcriptional regulation (57). In addition to its role in
transcription elongation, Ser-2 phosphorylation also recruits

cleavage and polyadenylation factors for the generation of the
mRNA 3’ end (58, 59), and it has been implicated in recruiting
splicing and mRNA export factors (60, 61).

Pol II CTD Ser2 phosphorylation is mediated by P-TEFb. The
CDK9 subunit of P-TEFb provides enzymatic activity, while
cyclin has a regulatory role (62, 63). Many elongation regulators
play a role in regulating transcription elongation by interacting
with P-TEFb (64). Multiple studies have shown that HSV-1
ICP22 directly interacts with CDK9 and inhibits CDK9 enzyme
activity, thereby inhibiting Ser-2 phosphorylation and inhibiting
the transcription of cellular genes (3, 29, 65) (Figure 3B).

ICP22 mediates the loss of Ser-2 phosphorylation on the Pol
II CTD, which not only inhibits host cell gene transcription but
also affects the expression of viral genes (66). The HSV-1 virus
can overcome this effect through other mechanisms. Studies have
shown that ectopic expression of ICP22 can inhibit the
transcription of HSV-1 IE (ICP4), E (TK), and L (gC, VHS)
promoter reporter genes. Studies have shown that VP16 activates
the transcription of IE genes by recognizing the core motif
TAATGARAT in the promoter sequence of IE genes and
binding to the promoter of IE genes (67, 68). The coexpression
of VP16 and ICP22 protein indicates that VP16 can eliminate the
transcriptional inhibition of ICP22 on the IE genes (65, 69).
Immunoprecipitation assays showed that VP16 can interact with
P-TEFD, but there was no direct interaction with ICP22 (29).
ICP22, P-TEFb and VP16 form the ICP22-P-TEFb-VP16
multiprotein complex in the cell. This suggests that the
cooperative regulation of viral genes by ICP22 and VPI6 is
related to P-TEFb. We speculate that VP16 interacts with P-
TEFDb to relieve the transcriptional inhibitory effect of ICP22 on
IE genes (Figure 3C). However, the specific mechanism of
cooperative regulation of VP16 and ICP22 is still unclear. The
latest research shows that VP16 competes with ICP22 to interact
with P-TEFB, thereby eliminating the inhibition of P-TEFb by
ICP22 (29). In addition, studies have shown that ICP22 is
necessary for the efficient transcription of viral L genes in
some cell lines (54), but it is unclear how HSV-1 eliminates
the inhibitory effects of ICP22 on E and L genes (Figure 3D). It is
possible that after VP16 releases the transcriptional suppression
of the IE gene by ICP22, the activated IE proteins ICP0, ICP4 and
ICP27 are beneficial to the transcriptional expression of the E
and L genes, but this requires further research and verification.
However, it has been suggested that HSV-1 transcription may
not require the Ser-2 phosphorylated form of Pol II CTD,
although this form is necessary for cellular transcriptional
extension and RNA processing (70). However, experiments
have verified that HSV-1 transcription requires Ser-2
phosphorylation of the Pol II CTD (70). In addition, inhibition
of Pol II CTD Ser2 phosphorylation suggests that NELF and
DSIF phosphorylation may also be inhibited, but this remains to
be determined. CDK9 also phosphorylates p53, a tumor
suppressor that plays a central role in the response of cells to a
range of stress factors. The interaction of ICP22 with the CDK9
target p53 is also important for efficient HSV-1 replication (71).

Several studies have provided maps of Pol II localization on
the virus and host genome after HSV-1 infection (27, 28). HSV-1
infection leads to extensive transcription termination defects in

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 743466


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

He et al.

ICP22/ORF63 Mediated Two Survival Strategies

host cell genes (72). Studies have shown that Pol II was almost
completely removed from two-thirds of the host genes in the
early stage of HSV-1 infection. The function of a few genes that
increase the occupancy rate of Pol II is related to the
upregulation of exosomal secretion and the downregulation of
apoptosis, which may be beneficial to virus production. The
HSV-1 genome contains a large amount of Pol II, which reflects
the high-level transcription of viral genes. However, the Pol II
occupancy level in the genome of the ICP22 mutant virus is
reduced, and the accumulation of mRNA for almost all viral
genes is reduced (73). Among them, ICP22 may downregulate
cellular gene expression and promote viral gene expression by
regulating the CDK9-mediated Pol II phosphorylation event in
the P-TEFb complex, thereby promoting viral survival. ICP22 is
not the only viral factor that affects Pol II during HSV-1
infection, which is the synergistic effect of HSV-1 gene
products (74). This highlights the transcriptional regulation of
the HSV-1 protein to maximize the expression of the viral
genome while downregulating the expression of the host
genome. As a result, the expression of host cell genes that are
not conducive to virus replication is turned off, and the antiviral
immune response of the host is destroyed. Therefore, this
promotes the production of viral infectious virus particles.

3.3.2 HSV-1 ICP22 Promotes the Production

of Infectious Virus Particles by Recruiting

FACT Complexes

Nucleosomes uniquely positioned on high-affinity DNA
sequences present a polar barrier to transcription by Pol II
(75). When the Pol II transcription elongation complex
extends to the gene body, it needs to cross the nucleosome
barrier (76, 77). There are a variety of regulatory mechanisms in
cells that can remove or weaken the nucleosome barrier to assist
Pol II extension, such as nucleosome remodeling and histone
modification. Currently, a number of regulatory factors involved
in regulating Pol II transcription elongation complex crossing
nucleosome barriers have been identified in vitro using
biochemical experiments, such as Facilitates chromatin
transcription (FACT), Spt6, PAF complex and PARP (76).
FACT was originally isolated and identified from an extract of
the human HeLa cell nucleus (78), and it is a complex composed
of SSRP1 and Sptl6. FACT functions to disassemble an H2A-
H2B dimer from nucleosomes, and Pol II can be transcribed
through the remaining histone hexamer without being displaced
(62, 79). When the Pol II transcription complex passes through
the nucleosome, FACT can also promote the reassembly of the
H2A-H2B dimer and the remaining hexamer into the histone
octamer and maintain a highly activated state (80). Studies have
found that after HSV-1 infects host cells, FACT relocates to the
virus replication compartment in the nucleus, and FACT is
abundant in the HSV-1 genome during the replication of
HSV-1 (81, 82). This change is related to ICP22 protein (29,
73). Studies have shown that FACT interacts with ICP22
throughout infection. Transcriptome sequencing (RNA-seq)
and chromatin immunoprecipitation-sequencing (ChIP-seq)
experiments showed that compared with wild-type, regardless
of the type of kinetics, the accumulation of almost all viral

mRNAs of ICP22 mutant virus late infection was reduced. The
Pol II occupancy level on the mutant virus genome is reduced
(73). In contrast, the association of Pol II with the transcription
initiation site in the mutant was not decreased. This shows that
in the absence of ICP22, the viral gene transcription elongation
rate is reduced. This indicates that ICP22 can recruit elongation
factors (such as the FACT complex) into the HSV-1 genome to
play a role and achieve effective viral transcription elongation.
This promotes the production of infectious virus particles in late
viral infection. Except for the FACT complex, in the absence of
ICP22, the number of transcription elongation factors (Spt6 and
Spt5) recruited by the viral genome was significantly reduced.
These proteins all promote the elongation of cellular
transcription and are known to interact with Pol II (83, 84).
Based on the above research, we developed a model (Figure 4):
when HSV-1 infects cells, ICP22 can recruit FACT complexes to
the viral genome by interacting with the FACT complex, thereby
promoting Pol II to cross the nucleosome barrier on the viral
genome and achieve efficient viral transcription elongation late
in viral infection and ultimately infectious virion production.

4 ICP22 PROTEIN PROMOTES VIRAL
SURVIVAL THROUGH AN ANTI-HOST
ANTIVIRAL RESPONSE

4.1 HSV-2 ICP22 Inhibits Key Steps of the
Host Type | IFN (Interferon) Pathway

Type I IENs are vital cytokines in controlling viral infections
(85). The induction of the type I IFN response during virus
infection includes two stages. The first stage is the production of
type I interferon (86-88); the second stage is the induction of
IFN-stimulated genes (ISGs) (89, 90). After the viral infection
trigger signal, retinoic acid inducible gene I (RIG-I)/melanoma-
associated differentiation gene 5 (MDA-5) binds to dsRNA,
recruits and activates the expression of mitochondrial antiviral
signaling (MAVS) protein (91, 92). Then, activated MAVS can
activate IKK-e/TBK-1, which in turn leads to phosphorylation
and dimerization of IRF-3, resulting in IRF-3 dimers
translocating from the cytoplasm to the nucleus. Subsequently,
activated IRF-3 and other coactivators combine with the positive
regulatory region upstream of the IFN-f promoter to enhance
IFN-f transcription in a synergistic mode (93) (Figure 5A). IRF-
3 is a key transcription factor in the type I IFN production
pathway. IRF-3 consists of 427 amino acids, including a DNA
binding domain (aa 1-112) responsible for DNA binding and an
IRF association domain (IAD; aa 197-394) responsible for IRF-3
phosphorylation, dimerization, and interaction with the CBP/
p300 coactivator (94). Studies have shown that in the case of
HSV-2 infection, ICP22 interacts with the DNA binding domain
of IRF-3, resulting in the suppression of the binding of IRF-3 to
the IFN-f promoter and a decrease in the expression of IFN-
B(6A) (95). The 217-414 domain of ICP22 is sufficient to inhibit
the production of IFN-B at a level similar to that of full-length
ICP22. Only a few viral components have been reported to
interfere with the binding of activated IRF-3 to the IFN-f
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promoter, including human Boca virus nuclear protein NP1 and
Kaposi sarcoma-associated herpesvirus latency-associated
nuclear antigen Ag (94, 96). Surprisingly, HSV-1 ICP22, which
shares approximately 70% of the amino acid sequence with HSV-
2 ICP22, has no such inhibitory effect on IFN-B production.
However, some HSV-1 proteins can interfere with IRF-3-
mediated signaling pathways through other mechanisms (97-
100). HSV-2 ICP22 inhibits the production of IFN-f by blocking
the binding of IRF-3 to the IFN-f promoter, contributing to viral
immune evasion. This may be one of the strategies by which
HSV-2 evades the host’s innate immune response.

In addition to inhibiting the production of IFN-f, the latest
research shows that HSV-2 ICP22, as a novel E3, induces the
ubiquitination of multiple proteins, resulting in the blockade of
type I IFN signaling (101). As shown in Figure 5B, HSV-2 ICP22
acts as an E3 ubiquitin protein ligase to interact with STATI,
STAT2, IRF9 and other ubiquitinated proteins and induces
ubiquitination and degradation of STAT1, STAT2 and IRF9,
thereby blocking ISG factor 3 (ISGF3) nuclear translocation.
Ultimately, the production of ISGs is suppressed by HSV-2
(101). These findings emphasize a new mechanism through
which HSV-2 circumvents the host antiviral response through
the viral E3 ubiquitin protein ligase. Interestingly, although a
previous study showed that HSV-1 ICP22 did not have the same
effect on IFN-B induction as HSV-2 ICP22 (95), this study
showed that HSV-1 ICP22 could suppress the activation of
ISG54 and ISG56 transcription.

4.2 HSV-1 ICP22 Participates in the
Mechanism of Virus Immune Evasion

4.2.1 HSV-1 ICP22 Weakens the Host’s Immune
Response in Dendritic Cells by Downregulating
CD80 Expression

HSV-1 ocular infections are the most common cause of corneal
blindness in developed countries (102). Recurrent infections and
the prolonged inflammatory response after viral clearance both
contribute to corneal scarring (103). HSV-1 infection is
recognized by antigen-presenting cells such as dendritic cells
(DCs), natural killer cells, and macrophages (104, 105), which
induce the secretion of IFNs and cytokines and the activation of
CD4+ and CD8+ T cells. This T cell activation is strictly
controlled and requires at least two signals, which involve the
binding of CD28, CTLA-4 or PD-1 on the surface of T cells
corresponding to the APC costimulatory molecule CD80 (B7-1)
or CD86 (B7-2) (106). The costimulatory molecule CD80/86
drives T-cell activation and proliferation by binding to CD28
(107). CD80 plays a critical role in increased inflammatory
responses in HSV-1-infected mouse corneas (108). Studies
have shown that increasing CD80 levels promote increased
CD8+ T cells, leading to exacerbated eye disease in HSV-1-
infected mice (109). A study described a new mechanism of
HSV-1 immune escape through ICP22-dependent
downregulation of the host T cell costimulatory molecule
CD80 in DCs (110, 111). According to reports, ocular infection
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FIGURE 5 | Schematic diagram of HSV-2 ICP22 inhibiting the host type | IFN pathway. (A) The mechanism by which HSV-2 blocks the IRF-3 signal transduction
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promoting IFN-B transcription. Under HSV-2 infection conditions, ICP22 interacts with the DNA binding domain of IRF-3, resulting in the suppression of IRF-3

association with the IFN-B promoter. Ultimately, the production of IFN-B is suppressed by HSV-2, contributing to viral immune evasion(94). (B) The mechanism by
which HSV-2 ICP22 blocks the IFN-B-mediated signaling pathway. Type | IFNs are usually expressed at low levels and can be induced by viral infection. After IFN-1
binds to receptors on the cell surface, Jak1 and Tyk2 are activated, leading to tyrosine phosphorylation of STAT1 and STAT2. Phosphorylated STATs dimerize and
associate with IRF9 to form ISGF3. ISGF3 translocates to the nucleus and binds to ISRE to activate the transcription of ISG so that the cell is in an antiviral state.
After HSV-2 infection, ICP22 induces ubiquitination and degradation of STAT1, STAT2 and IRF9, thereby blocking ISGF3 nuclear translocation. Finally, the
production of ISG is inhibited by HSV-2, which promotes the immune escape of HSV-2(100). VZV IEG3 interferes with type | IFN-mediated activation of JAK-STAT
signaling by degrading IRF9, thereby inhibiting the expression of interferon-stimulated genes.

of mice with HSV-1 suppressed the expression of the
costimulatory molecule CD80 but not CD86 in the cornea
(110). This effect was specifically mediated by the binding of
HSV-1 ICP22 to the CD80 promoter, which is located between
positions 151 and 462 of the CD80 promoter, and this
interaction was required for HSV-1-mediated inhibition of
CD80 expression. The latest research shows that the binding
site of ICP22 and the CD80 promoter is located at aa 305-345 of
ICP22. The use of HSV-1 recombinant virus expressing
truncated ICP22 lacking CD80 promoter binding increased the
expression of CD80 in DCs and the expression of IFN-yin CD8+
T cells but did not increase CD4+ T cells in mouse corneas (111).
Other viral proteins, such as ICP0O, ICP27 or ICP47, can
significantly increase CD80 promoter activity, and these

increases did not offset the inhibition of CD80 by ICP22. The
large increase in CD80 promoter activity observed in ICP22-
deficient HSV-1 virus-infected DCs indicates that only ICP22
can counteract the stimulatory effect of other IE genes on CD80
expression, and no other HSV-1 genes have the effect of
inhibiting CD80 expression. In contrast, overexpression of
CD80 by infecting mouse eyes with recombinant HSV-1
lacking ICP22 will exacerbate corneal scarring in the infected
mice, leading to greater eye disease. Interestingly, studies have
shown that although D22 (recombinant virus lacking ICP22)
replicates poorly in the eyes of infected mice, the level of T-cell
infiltration caused by D22 infection is similar to that of its
parental strain WT KOS (108). HSV-1 uses the ICP22-CD80
promoter interaction to specifically downregulate CD80 as a key
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immune escape mechanism and weakens the host’s immune
response (109) (Figure 6). ICP22 plays a critical role in reducing
HSV-1-mediated immunopathology.

4.2.2 HSV-1 ICP22, as a Virus-Encoded Chaperone
Protein (J-Protein/Hsp40), May Be Involved in
Chaperone-Mediated Autophagy

It was previously reported that HSV-1 ICP22 prevents the
aggregation of nonnative proteins and recruits cell heat shock
protein 70 (Hsc70) into the nuclear domain (112, 113). Recent
studies have shown that ICP22 resembles a cellular J-protein/
HSP40 family cochaperone, interacting specifically with Hsc70
(114). These findings showed that ICP22 reduced cytoplasmic
protein aggregation, and ICP22 provided protection against the
heat inactivation of firefly luciferase. Sequence homology analysis
indicated that ICP22 contains an N-terminal J-domain and a
C-terminal substrate binding domain, similar to type II cellular
J-proteins. ICP22 may thus be functionally similar to J-protein/
Hsp40 cochaperones that function together with their HSP70
partners to prevent aggregation of nonnative proteins. HSP40/
HSP70 complexes have been shown to play critical roles in a
myriad of cellular processes, including the regulation of gene
expression and cell cycle control (115-117). This also suggests
that ICP22 may be involved in chaperone-mediated autophagy
(CAM) as a cochaperone protein similar to HSP40 and Hsc70. The
CMA process involves three stages: recognition of molecular
chaperones and substrates, unfolding of substrates and
translocation across lysosomal membranes (118). This process
requires the participation of two protein complexes: one is the
substrate recognition complex, and the other is the lysosomal
transmembrane translocation complex (118). The substrate
recognition complex is composed of Hsc70 and other
cochaperone molecules, including HSP90, HSP40, Hip, Hop and
Bag-1, and recognizes protein substrate molecules with KFERQ
sequences (118-120). Among them, Hsp40 stimulates the ATPase

activity of Hsc70, leading to increased rates of binding and release
of substrate proteins (118). In addition, Hsc70 is also involved in
other antiviral defense mechanisms, such as aggregate formation
and proteolytic degradation of viral proteins (121, 122). During
HSV-1 infection, the ability of ICP22 to relocate Hsc70 to the VICE
domain in the nucleus may prevent Hsc70 from exerting antiviral
activity in other parts of the cell (113). Therefore, we speculate that
ICP22, as a common partner similar to the cell ] protein/HSP40
family, may participate in some functions of Hsc70 in this manner,
but this needs to be verified by further experiments. This is the first
known example of a virus obtaining a complete J-like protein,
indicating that HSV has used the adaptability of the J protein to
evolve a multifunctional helper chaperone that works with Hsc70
to promote lytic infection.

4.2.3 The Effect of HSV-1 ICP22 on Cell Apoptosis

It is generally believed that ICP22 not only promotes apoptosis
but can also inhibit apoptosis. HSV-1 in the absence of ICP22
induced more apoptotic cells, indicating that ICP22 can block
apoptosis (123, 124). However, the antiapoptotic activity of
ICP22 was not strong. Therefore, ICP22-mediated
antiapoptosis is unlikely to directly act on apoptosis signal
transduction but precisely regulate the expression of the E and
L genes (including antiapoptotic genes) of the virus. For example,
in the absence of ICP22 in HSV-1, the expression of US5, which
inhibits apoptosis, is delayed (125-127).

In addition, ICP22 was cleaved by caspases in cells infected
with HSV-1 d120 (apoptosis inducer), revealing another product
called Mr 37500 (128). This process can be inhibited by
overexpression of Bcl-2, transfection with US3 or addition of
caspase-3 inhibitors. In the process of viral infection, the cleavage
of viral proteins by caspases can lead to a variety of
consequences, such as the adverse effect of apoptosis, the
enhancement or reduction of replication, and the spread of the
virus (129, 130).
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FIGURE 6 | Schematic diagram of HSV-1 ICP22 downregulating CD80 expression. Ocular infection of mice with HSV-1 suppressed the expression of the
costimulatory molecule CD80. HSV-1 ICP22 downregulates the expression of CD80 by specifically binding to the CD80 promoter.
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In addition, HSV-1 ICP22 can interact with p53 and
antagonize p53 (71). p53 is a key cellular transcription factor
that plays a central role in cellular responses to a broad range of
stress factors through its regulation of a variety of cellular
pathways, such as apoptosis, the cell cycle, cellular senescence,
DNA repair, autophagy, and innate immune control (131, 132).
Studies have shown that p53 plays a positive role in HSV-1
replication. However, p53 has no effect on the replication of the
ICP22-deficient strain (71). It is speculated that the effect of p53
on HSV-1 replication depends on ICP22, but this requires
experimental verification. In addition, p53 promotes the
expression of ICP27 in early infection without relying on
ICP22, but the negative effect of p53 on reducing the
expression of ICPO in late infection can be offset by ICP22.
However, it is not clear whether ICP22 can directly regulate cell
apoptosis by interacting with p53.

On the other hand, the antiapoptotic effects of HSV-1 US1.5
and ICP22 during infection were the opposite. Overexpression of
US1.5 with a baculovirus vector has been shown to trigger the
activation of caspase 3 in rabbit skin cells (133). This result
indicates that US1.5 may have proapoptotic activity (130).

4.3 VZV IE63 Participates in the
Mechanism of Virus Immune Evasion
4.3.1 VZV IE63 Modulates Proinflammatory Gene
Transcription by Inhibiting the NF-KB Pathway
The nuclear factor kappa-B (NF-kB) transcription factor family
can be found in almost all animal cells, and they are involved in
the response of cells to external stimuli. NF-xB transcription
factors are activated in response to a variety of signals, including
cytokines, pathogens, injury, and other stress conditions. The
activation of this factor leads to the expression of several immune
response genes, such as proinflammatory cytokines (IFN-f,
TNF-o, IL-6, IL-8), chemokines and adhesion molecules.
Therefore, NF-xB plays a key role in the inflammatory
response and immune response of cells (134, 135). In
unstimulated cells, NF-xB binds to the inhibitory protein IxB
and isolates the NF-kB-IxB complex in the cytoplasm, thereby
preventing NF-kB from binding to DNA. The activation of NF-
KB signaling is caused by extracellular stimulation. These stimuli
are recognized by the receptor and transmitted to the cell, which
ultimately leads to the activation of IkB kinase (IKK). IKK
phosphorylates the inhibitory IkB subunit of the NF-xB-IkB
complex in the cytoplasm. This phosphorylation causes IkB to be
degraded by the proteasome and releases NF-xB from the
inhibitory complex (136, 137). The released NF-xB protein is
then transported to the nucleus, where it binds to the target
sequence DNA and activates gene transcription (Figure 7).
Studies have reported that transiently expressed VZV IE63
can downregulate the activity of several cellular NF-xB-
responsive gene promoters, such as IL-8 and IL-6 (49).
Subsequently, Habran et al. (48) showed that IE63 does not
change the basic expression of these genes, which may be due to
the issue of promoter accessibility related to chromatin. After
treating HeLa cells with TNFo, a cytokine known to increase the
utilization of several chromatins, the researchers measured the

transcription levels of these genes (IL-8, IL-6, ICAM-1 and
IkBo). The results showed that the presence of IE63 can
reduce the expression of IL-8, IL-6 and ICAM-1 mediated by
TNFo and increase the expression of the IkBat gene. In addition,
after the degradation of IxBo., IE63 can promote the resynthesis
of IxkBo.. This result indicates that the presence of IE63 promotes
complementation of the IxBo library. The phosphorylation
status of IE63 is crucial for affecting TNFo-mediated gene
transcription. When alanine replaces the phosphorylation site,
IE63-S224/T222A does not significantly regulate TNFo-induced
gene transcription. Chip assays showed that IE63 reduced the
accessibility of IL-8 and ICAM-1 promoters and increased the
accessibility of TNFa. to IkBo promoters. IE63 expressed in
TNFo.-treated HeLa cells reduced the binding of p65 to the NF-
kB proximal sites on the IL-8 and ICAM-1 promoters and
enhanced the recruitment of p65 to the IkBa promoter. It is
speculated that the inhibition of IL-8 and ICAM-1 gene
expression may be the result of IkBa induction because IkBo
is an inhibitor of NF-xB (136). IE63 interferes with the TNF-
inducing ability of several NF-kB-dependent genes through the
accelerated resynthesis of IxBo. Although the molecular
mechanism of these effects has not yet been determined, the
treatment of IE63-expressing cells with TNFo inhibits the NF-xB
pathway, suggesting that VZV may use such a strategy to resist
VZV-infected cells from exogenous proinflammatory cytokine-
induced antiviral reactions.

4.3.2 VZV IE63 Interferes With Type | IFN Signaling
by Inhibiting the JAK-STAT Signaling Pathway and
elF-2o. Phosphorylation

Ambagala and Cohen reported that VZV IE63 is required to
inhibit IFN-o-induced antiviral responses (138), and they used
IE63 deletion virus to infect human melanoma cells and U20S
cells. The results showed that the virus is highly sensitive to the
antiviral effect of human IFN-o but not to IFN-y compared to
the parental and other viral gene mutants. IFN-o. inhibited the
expression of viral genes in cells infected with IE63 deletion virus
at the posttranscriptional level without affecting its mRNA level.
An important component of the innate response enhanced by
the activity of IFNs is the signaling of the double-stranded
RNA sensor PKR (139). PKR is an IFN-induced, double-
stranded RNA (dsRNA)-activated serine/threonine protein
kinase (140). This latent enzyme needs to be activated by
autophosphorylation. Unless blocked, activated PKR
phosphorylates the alpha subunit of eukaryotic initiation factor
2 (eIF-2a), whose phosphorylation causes inhibition of
translation and, therefore, inhibition of virus replication (141).
Most viruses either synthesize double-stranded RNA or form a
double-stranded RNA structure during infection, thereby
activating PKR. Viruses have evolved several mechanisms to
interfere with eIF-2a phosphorylation and prevent the inhibition
of protein synthesis in infected cells (142). In HSV-1, PKR is
blocked by several viral genes, which redirect protein
phosphatase 2 (PP2A) to dephosphorylate eIF-20 (143, 144). It
has been reported that cells infected with the IE63 mutant have
increased eIF-2 phosphorylation compared to cells infected by
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the parental virus (138). In the same study, cells transiently
expressing IE63 showed a decrease in the basal level of eIF-2a
phosphorylation, indicating that IE63 is sufficient to inhibit this
phosphorylation (Figure 8). These results indicate that IE63 may
inhibit eIF-20. phosphorylation through the PKR sensor
pathway, resist IFN-o-induced inhibition of protein synthesis
and promote viral protein synthesis and virus replication.

The deletion of IE63 makes the deletion virus sensitive to
IFN-o(the replication of the deletion virus is significantly
reduced), suggesting that IE63 may be involved in the
regulation of JAK-STAT signaling (138). The latest research
shows that VZV inhibits the signal transduction activated by
type I IFN through the JAK-STAT pathway. VZV infection leads
to a decrease in IRF9 and a decrease in STAT2 protein and its
phosphorylation (145). IE63 is the key protein for this change. In
the presence of IFN, the expression of IE63 alone led to a
reduction in IRF9 protein, while STAT2 did not change. The
expression of IE63 led to a decrease in the expression of luciferase
induced by IFNs. This result indicated that VZV IE63 interferes
with type I IFN-mediated activation of JAK-STAT signaling by
reducing IRF9, thereby inhibiting the expression of interferon-
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FIGURE 7 | VZV IE63 modulates proinflammatory gene transcription by inhibiting the NF-KB pathway. The activation of NF-kB signaling is caused by extracellular
stimulation. These stimuli are recognized by the receptor and delivered to the cell, which ultimately leads to the activation of IkB kinase (IKK). IKK phosphorylates
inhibitory 1xB in the cytoplasm and this causes IkB to be degraded by the proteasome and releases NF-kB from the inhibitory complex. The released NF-kB protein
is then transported to the nucleus, where it binds to the target sequence DNA and activates gene transcription. After treating Hela cells with TNFa, the presence of
IE63 reduced the expression of IL-8, IL-6 and ICAM-1 mediated by TNFo and increased the expression of the [kBa gene. IEG3 expressed in TNFo-treated Hela
cells reduced the binding of p65 to the NF-kB proximal sites on the IL-8 and ICAM-1 promoters and enhanced the recruitment of p65 to the IkBa promoter.
Treatment of IE63-expressing cells with TNFo inhibits the NF-xB pathway, suggesting that VZV may be a strategy to resist VZV-infected cells from exogenous

stimulated genes (Figure 5). Simian varicella virus (SVV) shares
approximately 75% DNA homology with VZV and exhibits a
highly similar genome organization (146). SVV IE63, which is
homologous to VZV IE63, inhibits the JAK-STAT pathway in a
similar manner and degrades IRF9 in a proteasome-dependent
manner. HSV-2 ICP22, as an E3 protease, participates in the
proteasome to degrade IRF9 and STATS, thereby interfering with
the signal transduction of type I IFN. Unlike HSV-2, VZV IE63
does not affect STAT2 and its phosphorylation, and there may be
other proteins encoded by VZV that are responsible for
inhibiting STAT2 phosphorylation and reducing STAT2
expression. Whether the degradation mechanism of VZV IE63
IRFY is the same as that of HSV-2 ICP22 needs to be verified
through experiments. It has not been reported that VZV IE63 has
the effect of the E3 protease, and its specific mechanism needs to
be further studied. The above studies show that VZV IE63 plays a
key role in regulating the innate immune response to VZV.

4.3.3 The Effect of VZV IE63 on Cell Apoptosis
VZV 1E63 can also block apoptosis (147, 148). rOkaORF63 (a
recombinant virus unable to express one copy of the diploid IE
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gene) (ORF63)-infected neurons were more susceptible to
apoptosis than parental rOka-infected neurons. Furthermore,
the expression of IE63 protein in neurons alone can resist
apoptosis induced by nerve growth factor (NGF) (149). These
results showed that IE63 can suppress apoptosis of neurons.
Compared with parental virus, IE63-deleted VZV has higher
levels of phosphorylated elF-20. to promote apoptosis.
Meanwhile, the expression of IE63 alone can be sufficient to
block eIF-2a. phosphorylation (130, 138). This indicates that
during active VZV infection, IE63 participates in a protective
mechanism against apoptosis in neurons. Although this study
was limited to productive infections, the rich expression of IE63
during latent infection suggests that this gene product may play
an anti-apoptotic function during the incubation period or
reactivation of neurons (150, 151). Similar to HSV-1 ICP22,
VZV 1E63 can inhibit cell apoptosis, but it functions through a
completely different mechanism. The specific mechanism by
which VZV IE63 inhibits cell apoptosis still needs further study.

5 SUMMARY

In alphaherpesviruses, ICP22 is a transcriptional regulatory
protein that promotes viral survival by participating in multiple
transcriptional regulatory processes: VZV IE63 can interact with

certain PIC components including Pol II, TFIIH, and TFIIE to
limit the transcriptional start of cellular genes; HSV-1 ICP22 can
inhibit its subunits by interacting with P-TEFB CDK9, which
phosphorylates Pol II, thereby inhibiting transcription pause
release; HSV-1 ICP22 can promote viral gene transcription
extension by recruiting FACT to the viral genome in the viral
replication compartment. Alphaherpesviruses have corresponding
strategies to release the inhibitory effect of ICP22 on viral genes.
For example, HSV-1 VP16 can release the inhibitory effect of
ICP22 on the IE gene through interaction with P-TEFb. The final
manifestation is that in the early stage of viral infection, ICP22
downregulates the expression of host genes and promotes high-
level transcription of viral genes. As a result, the expression of host
cell genes that are not conducive to virus replication is turned off,
and the host’s antiviral immune response is destroyed. These
complex mechanisms involved in ICP22 provide a foundation and
challenge for us to understand these mechanisms and develop
various potential treatment options. In addition, ICP22 destroys
the host’s antiviral immune response in a variety of ways and
promotes viral survival. In the future, the relationship between
ICP22 and viruses and hosts can be further analyzed by using
ICP22 genetically engineered mutants combined with deep
sequencing, such as PRO-seq. Current in vitro cell assays cannot
fully reveal all the functions of ICP22. ICP22 mutants should
continue to be used in animal models to further reveal the
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regulation and mechanism of ICP22 on host and viral gene
transcription in vivo, as well as the antiviral effect of ICP22.
With the deepening of the understanding of viral proteins, it will
inject new vitality into the treatment of herpesviruses and the
development of new vaccines.
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