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Abstract

Oncolytic virus (OV) is a kind of virus that can preferentially infect and kill
tumor cells. The second oncolytic virus drug was oncolytic herpes simplex
virus (oHSV) Talimogene Laherparepvec (T-VEC). HSV-1 infectious cell
culture protein 34.5 (ICP34.5) and latency-associated transcript (LAT) genes
are closely related to virus selective infection and latent infection. Their engi-
neering is essential for constructing efficient and safe oHSV. We summarized
the mechanisms of ICP34.5 and LAT in the course of HSV-1 infection and
reviewed the engineered oHSVs. We are aimed to provide an insight in de-
veloping oHSV in the future.
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1. Introduction

Cancer is a serious disease which threatens human health and life. Traditional
chemotherapy, radiotherapy or surgical procedure is accompanied by toxic side
effect, drug resistance [1]. With the development of precision medical technolo-
gy, chimeric antigen receptor T cell immunotherapy (CAR-T), immune check-
point suppression therapy, oncolytic virus (OV) therapy and other therapies
have also made significant progress [2]. OVs are promising treatments for many

kinds of tumor [3]. They can kill tumor cells without cross-resistance with other
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therapies, and can produce a synergistic effect with other therapies [4].

In clinical trials, adenoviruses, alphaviruses, herpes simplex viruses, newcastle
disease viruses, etc. have been applied as engineered OV vectors. HSV-1 is a
double-stranded DNA virus with a long genome (152 kb) [5]. HSV-1 can carry
multiple foreign genes because it has about 30 kb of non-essential genes [6]. In
addition, the replication of HSV-1 in the host cells does not cause insertional
mutagenesis. Above-mentioned factors make HSV-1 a good candidate for onco-
lytic virus engineering [7]. The modified oncolytic herpes simplex virus (oHSV)
can specifically target tumor cells without damaging normal tissue cells and fur-
ther release progeny viruses after replicating in tumor cells [8]. oHSV-1 has been

confirmed to have the positively therapeutic efficacy and safety in clinical trials

[9].

2. Structure and Function of ICP34.5 and LAT

A wild type HSV-1 enters a host cell through the binding of virus surface glyco-
proteins and host cell surface receptors (Herpes virus entry mediator) [10]. Hu-
mans infected with HSV-1 may produce a series of skin lesions and neurotoxici-
ty. Subsequently, HSV-1 establishes latency infection in the nervous system [11].
HSV-1 can be latent for several years or even a lifetime [12].

ICP34.5 is a neurovirulence factor. It plays a crucial role in viral replication
and anti-host response [13]. The viral protein ICP34.5 contains four domains
[14] [15]: 1) Beclin 1 region can inhibit the initiation of host autophagy; 2)
TANK-binding kinase (TTBK1) region can inhibit the induction of type I inter-
feron (IFN) response; 3) The C-terminal domains 3 and 4 retarget the host
phosphatase PP1a to eIF2a for eIF2a dephosphorylation and translation activa-
tion. Recently, Rubio RM et al reported that NOP53 could directly the
interaction with ICP34.5. Cytoplasmic NOP53 promotes the recruitment of
PP1a through ICP34.5, which leads the dephosphorylation of eIF2a for effective
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Figure 1. ICP34.5 is involved in anti-host innate immune response.
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virus replication [16]. During HSV infection (Figure 1), the host cells bind type
I IFN through the IFN receptor, activate the JAK-STAT pathway and upregu-
late protein kinase R (PKR). Then PKR is activated by its ligand, which will
cause phosphorylation of the host's translation initiation factor eIF2a, thereby
inhibiting HSV replication and host protein synthesis [17]. However, the
C-terminal domain of HSV ICP34.5 protein can bind to host phosphatase
PPla and relocate it to eIF2q, leading to dephosphorylation and restoration of
mRNA translation [18] [19]. Type I IFN response is blocked by ICP34.5 while
antagonizing the PKR IFN response, which is important for HSV-1 infection
[20] [21].

Latency-associated transcript (LAT) regulates HSV-1 latency and reactiva-
tion in sensory neurons [22], which is related to the genetic structure of LAT
[23]. LAT consists of 8.3 kb primary transcripts. Previous studies have shown
that the 2.0 kb major LAT is an intron of the 8.3 kb transcripts, which is
extraordinarily stable during lytic and latent infection due to its special
non-consensus guanosine branchpoint [13]. Furthermore, the 2.0 kb major
LAT RNA undergoes further splicing within the neuron during HSV-1 latent
period, eventually producing another 1.5 kb stable RNA species. The 6.3 kb
exon product of the first splice in LAT and the 0.5 kb intron product of the
second splice are difficult to detect [24]. A study has shown that exon 1 region
of LAT is a critical factor to block apoptosis [25]. LAT functions as a primary
microRNA (miRNA) precursor that encodes several distinct miRNAs in
HSV-1 infected cells. A study has shown [26] that at least two primary miRNA
precursors were found in the latent infected neurons, which may be related to
the activation and maintenance of the latentcy of the virus. Another study has
shown [27] that the miRNA encoded by HSV-1 LAT gene can suppress the
apoptosis of infected cells by regulating the transforming growth factor-f sig-
nal transduction, thus promoting the latent infection of the virus. In addition,
a study has shown [28] that HSV-1 latency inhibits dendritic growth in sym-
pathetic neurons.

HSV latency and toxicity in neurons are crucial issues in the treatment of HSV
infection and engineering of effective and safe oHSVs. HSV LAT and ICP34.5 re-
lated research provided an important basis for HSV treatment and oHSV engi-
neering in the future.

During the period of viral infection, the host cell activates the JAK-STAT
pathway, up-regulates PKR kinase via the IFN receptor and eventually phos-
phorylates eIF2a, which cause the host cell synthesis inhibition. However, the
HSV-1 ICP34.5 can prevent this process through binding to PP1a and dephos-
phorylating eIlF2a. At the same time, NOP53 can promote the binding of
ICP34.5 to PP1a. The domains 1 - 4 of ICP34.5 are shown.

3. Oncolytic Engineering of ICP34.5 and LAT of HSV

Studies have shown that the deletion of the ICP34.5 gene allowed oHSV to rep-
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licate selectively in specific tumors, which is related to PKR activity [29]. Specif-
ically, this is caused by the fact that the activity of PKR inhibitor MAPK/ERK
kinase (MEK) is generally high in tumor cells. ICP34.5 and LAT are key genes
for HSV-1 neuroinvasiveness and reactivation of latency [30]. Perng G et al. [31]
reported the deletion of HSV-1 LAT genes. The absence of LAT and ICP34.5
prevents the virus from latency and reactivation, which means there has a
long-term safe margin after treatment [11]. Therefore, LAT and ICP34.5 engi-
neering are essential for the construction of oHSV. More importantly, HSV-1
ICP34.5 is overlapped with LAT at their gene locus. LAT and ICP34.5 are en-
coded on the opposite strand.

Here we review the relevant oHSVs with LAT and ICP34.5 engineering (Table
1 and Figure 2). At the same time, we also illustrate a new 93aa open reading
frame (ORF) RL1A that has been found to be overlap with the ICP34.5 locus
[32]. Currently, HSV-1 strains F and 17 are typically used as vectors in clinical

practice and clinical trials.

Table 1. Oncolytic engineering of ICP34.5 and LAT of HSV-1.

Replicati
_ Modified HSV ICP34.5/LAT Additional epiication
Virus Name . R activity Ref
gene (bp) modification .
reduction
HSV-1 . 2 kb replaced in the .
MO032 Brain tumors ICP34.5 IL12 About 100 times [35]
(F) y34.5 and ORF P.
HSV-1 ICPe, 1000-bp deleti i
NG34 Glioblastoma p deietions in GADD34 About 100 times [31]
(F) ICP34.5 both )34.5 genes
ICP34.5 .
HSV-1 1000-bp deletions .
G47A ICP6 . - About 100 times [33]
(F) in both )34.5 genes
1ICP47
HSV-1 ICP34.5 A1.5 kb over the
®) NV1020 colorectal cancer ICP4 joint region - About 100 times [34]
ICPO (ICP34.5/4/0)
HSV-1 . ICP34.5 1000-bp deletions .
G207 Glioblastoma K . LacZ About 10 - 100 times  [32]
(F) deletion ICP6 in both 34.5 genes
HSV-1 ICP34.5 AICP34.5
HSV1716 Solid cancers . - About 10 - 100 times  [36]
(17) deletion 125,213 - 125,972
HSV-1 Gliosarcoma, 1CP47 AICP34.5 GALV-GP-R, X
RHO18 Not mentioned [11]
17) melanoma ICP34.5 124,954 - 125,726 MGM-CSF
HSV-1 Medulloblast: ICP34.5 deletion, AICP34.5
T-VEC ecuoblastoma eietion GM-CSF About 10 - 100 times  [37]
(JS-1) Melanoma US11 deletion 124,948 - 125,713
HSV-1 . . ICP34.5 deletion, AICP34.5 GM-CSF .
OrienX010 Glioblastoma . i . Not mentioned [38]
(CL1) ICP47 deletion, completely deleted insertion
ALATI1
X LAT was
HSV-1 Glioblastomas Deleted 76 to 1667 .
DM33 . i replaced Not mentioned [17]
(McKrae) Brain tumors y34.5 and LAT (Contains the by GEP
entire ICP34.5) ¥
HSV-1 Superficial cancers, 116.515 to 120.346 UL52, UL53, .
HF10 UL56 LAT Not mentioned [39]
(HF) melanoma (UL56 and LAT) UL54, UL55
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Figure 2. The relative positions of the ICP34.5, LAT and RL1A in different HSV strains.

Previous studies have shown that people have carried out different engineering
on the HSV-F strain: NG34, G47A, NV1020 and G207. These oHSVS belong to
the second generation oHSV, with several gene deletions or insertions. oHSV
NG34 contains the ICP6 and ICP34.5 deletions, and additionally inserts the hu-
man growth arrest and DNA damage-34 (GADD34) gene. Research by Naka-
shima H et al showed that oHSV NG34 was safe and effective in a glioblastoma
(GBM) mouse model [33]. G207 contains a deletion of the ICP34.5 gene and a
disrupting lacZ insertion within the UL39 gene. Rencently, Bernstock JD et al
[34] demonstrated the safety and effectiveness of G207 in advanced cerebellar
malignancies. Similarly, G47A further deletes the ICP47 gene based on G207.
The research’s result of Todo T et al showed that G47A comparing with G207
had a higher amount of replication in test cells and a stronger killing effect of
tumor cells. ICP47 has the function of blocking the major histocompatibility
complex class I antigen presentation pathway. Deletion of ICP47 enhances T cell
activity and produces a stronger killing effect of tumors. G47A has become one
of the most promising oncolytic virus [35]. In addition, oHSV-1 NV1020 has
multiple gene deletions (LAT, ICP34.5, ICP4 and ICPO0). The results of Eevarg-
hese SK showed that NV1020 stabilized liver metastases with minimal toxicity in
metastatic colorectal cancer (mCRC) [36]. M032 also contained ICP34.5 dele-
tion, but the difference is that it contained an extra insertion of gene IL12. It was
shown that M032 was safe and effective [37].

The HSV-1 (17) strain is also one of the most common strains for oHSV
construction. Seprehvir (HSV1716) contained ICP34.5 deletion and cannot
replicate in normal cells, which belongs to the first generation of oncolytic

HSV. At the same time, HSV1716 can also express thymidine kinase. Recent-
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ly, the research’s result of Streby KA et al had shown that HSV1716 was safe
and effective in treating juvenile malignant tumors [38]. HSV-1 RHO018 con-
tains the ICP34.5 and ICP47 deletion, and additional insertion of the glyco-
protein of the gibbon leukemia virus (GALV-GP). Moreover, HSV-1 RH018
shows significant anti-tumor effect when it is used in combination with the
immune checkpoint PD1/L1 inhibitor. The phenomenon reconfirms that the
oncolytic virus can effectively combine with other treatment methods to treat
patients [29].

Other oHSVs include: T-VEC (JS-1), OrienX010 (CL-1), DM33 (McKrae),
and HF10 (HF). Talimogene laherparepvec (T-VEC) includes the deletion of two
ICP34.5 genes and ICP47 gene. Meanwhile, the gene encoding human granulo-
cyte-macrophage colony stimulating factor (GM-CSF) replaced the ICP34.5-encoding
sequences. The therapeutic effect of T-VEC on melanoma in clinical trials has
been demonstrated [39]. In addition, OrienX010 is based on the HSV-1 CL1
strain, and expresses GM-CSF. Studies have shown that OrienX010 treatment
has a well toleration and effectiveness [40]. Samoto K. et al constructed
oHSV-1 DM33 which contained ICP34.5 and LAT deletion and the green flu-
orescent protein gene insertion. A study showed the efficacy and safety of
DM33 in the treatment of gliomas [12]. A series of mutations in the oHSV
HF10 genome lead to the non-expression of multiple gene products including
LAT [30]. Recent studies have shown that the treatment group of HF10 and da-
carbazine has more IFN- y secretion, and HF10 has shown its efficacy in a variety
of tumors [41].

We have further detailed the specific sites of ICP34.5 and LAT deletion in Ta-
ble 1 and Figure 2, which will help the engineering of oHSVs using different
strains in the future. At present, we have done a great deal of researches on the
comparison between the same genes of different strains [11] [42] [43] [44],

which will help construct new oHSVs in the future.

4. Conclusion and Perspective Views

We summarized the structure and function of ICP34.5 and LAT in HSV-1. We
also reviewed the engineering of genes related to latent infection and neuroviru-
lence, ICP34.5 and LAT. These are crucial for the construction of oncolytic vi-
ruses in the future. The deletion of ICP34.5 leads to oHSV selectively replicate in
tumors, but the amount of oHSV replication also decreases significantly [45]. In
order to cope with the decrease of oHSV replication caused by the lack of
ICP34.5, some strategies need to be developed. The absence of HSV-1 ICP47
enhances the presentation of major histocompatibility complex (MHC) class I
antigens on infected cells, while increasing the anti-tumor effects of HSV mu-
tants [46] [47]. Most oHSVs [29] with deletion of the gene encoding ICP34.5
(part of LAT) promote tumor selectivity and reduce virus toxicity, while inser-
tion of therapeutic genes (such as GM-CSF) increases the anti-tumor effect of

oHSV. According to previous research, HSV-1 has approximately 80 ORFs [48].
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Recently, a report at NUTURE COMMUNICATIONS [32] showed about 284
ORFs in HSV-1, among which 46 novel large ORFs are found. A 93aa ORF
(RL1A) was found in the ICP34.5 locus.

T-Vec has shown ideal efficacy and safety in clinical practice [49]. In clinical
studies [50], researchers found that the efficacy of oncolytic virus monotherapy
varies greatly, which may be related to the host’s antiviral response. In order to
overcome the shortcomings of oncolytic virus single-agent therapy, people con-
sider the combined application of oncolytic virus with other immunotherapies,
and obvious curative effects have been observed [51]. New discoveries above will

provide powerful basis for the future development of oHSV.
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