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Selective Editing of Herpes Simplex Virus 1 Enables Interferon
Induction and Viral Replication That Destroy Malignant Cells

Xing Liu,® Bin He?
2Department of Microbiology and Immunology, University of lllinois College of Medicine, Chicago, lllinois, USA

ABSTRACT Oncolytic herpes simplex virus 1 (HSV-1), devoid of the y,34.5 gene, ex-
erts antitumor activities. However, the oncolytic effects differ, ranging from pro-
nounced to little responses. Although viral and host factors are involved, much re-
mains to be deciphered. Here we report that engineered HSV-1 AN146, bearing
amino acids 147 to 263 of +,34.5, replicates competently in and lyses malignant
cells refractory to the +,34.5 null mutant. Upon infection, AN146 precludes phos-
phorylation of translation initiation factor elF2a (« subunit of eukaryotic initiation
factor 2), ensuring viral protein synthesis. On the other hand, AN146 activates inter-
feron (IFN) regulatory factor 3 (IRF3) and IFN expression, known to prime immunity
against virus and tumor. Nevertheless, AN146 exhibits sustained replication even ex-
posed to exogenous IFN-a. In a 4T1 tumor model, AN146 markedly reduces tumor
growth and metastasis formation. This coincides with viral replication or T cell infil-
tration in primary tumors. AN146 is undetectable in normal tissues in vivo. Targeted
HSV-1 editing results in a unique antineoplastic agent that enables inflammation
without major interference of viral growth within tumor cells.

IMPORTANCE Oncolytic herpes simplex virus 1 is a promising agent for cancer im-
munotherapy. Due to a complex virus-host interaction, less is clear about what viral
signature(s) constitutes a potent oncolytic backbone. Through molecular or genetic
dissection, we showed that selective editing of the y,34.5 gene enables viral replica-
tion in malignant cells, activation of transcription factor IRF3, and subsequent induc-
tion of type | IFN. This translates into profoundly reduced primary tumor growth and
metastasis burden in an aggressive breast carcinoma model in vivo. Our work reveals
a distinct oncolytic platform that is amendable for further development.

KEYWORDS herpes simplex virus, oncolytic viruses, viral replication, virus-host
interactions

ncolytic herpes simplex virus 1 (HSV-1) is an attractive agent for cancer immuno-
therapy (1). Upon infection, HSV-1 undergoes sequential gene expression, DNA

replication, assembly, and egress, resulting in tumor cell destruction. This is accompa- Citation Liu X, He B. 2019. Selective editing of

nied by release of danger signals and neoantigens that activate adaptive antitumor herpes simplex virus 1 enables interferon

immunity. A range of oncolytic HSVs is under various stages of development (1). The induction and viral replication that destroy
Y- 9 Yy 9 p : malignant cells. J Virol 93:e01761-18. https://

most clinically advanced agent is talimogene laherparepvec (T-VEC), recently approved doi.org/10.1128/V1.01761-18.

by FDA for treating advanced melanoma (2). Additional examples of oncolytic HSVs are Editor Jae U. Jung, University of Southern

G207, HSV1716, and AG47, which have undergone or are in clinical trials (3-7). California
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Although differing in the backbone design, these oncolytic HSVs have originally deleted Microbiology. AllRights Reserved,

the +y,34.5 gene, which codes for a virulence factor (8, 9). Address correspondence to Bin He

HSV y,34.5 contains a large amino-terminal domain (amino acids [aa] 1 to 146), linker tshuo@uic.edu,
region, and carboxyl-terminal domain (aa 147 to 263) (10). In infected cells, HSV-1 activates Received 4 October 2018
double-stranded RNA-dependent kinase (PKR), which shuts off protein synthesis by phos- Accepted 28 October 2018

phorylation of translation initiation factor elF2« (o subunit of eukaryotic initiation factor 2) S;‘:’::;:r 2‘(;';”5‘““ posted online 7
Vi

(11). Consequently, y,34.5 redirects protein phosphatase 1 (PP1) to dephosphorylate elF2« Published 4 January 2019
(12). Notably, site-specific disruption of the y,34.5-PP1 interaction abrogates viral virulence
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FIG 1 Comparison of viral replication in tumor cell lines. 4T1 (A), MDA-MB-231 (B), HT-29 (C), SW480 (D), HepG2 (E), C32 (F), A375 (G),
and A549 (H) cells were infected with HSV-1, Avy,34.5, or AN146 (0.01 PFU/cell). At 48 h postinfection, viral yields were determined on
Vero cells. The data are representative of those from three experiments with triplicate samples. Differences between the selected
groups were statistically assessed by a two-tailed Student t test. ** P < 0.01.

(13, 14). HSV vy,34.5 is also reported to affect glycoprotein processing and viral spread (15,
16). Furthermore, evidence suggests that the +y,34.5 protein displays additional activities.
These include inhibition of autophagy, interferon (IFN) induction by TANK binding kinase 1,
and dendritic cell maturation by Toll-like receptors and acceleration of nuclear egress
(17-21). Although the vy,34.5 protein shuttles between the nucleus and cytoplasm (22, 23),
its precise interplay with the host, in particular malignant cells, remains obscure.

There is abundant evidence that HSV-1 mutants deficient in the y,34.5 gene have
oncolytic activities. This has been shown for tumors, including in the brain, colon,
ovarian, breast, liver, and skin, in immunodeficient as well as in immunocompetent
preclinical models (24-31). However, the antitumor outcomes vary widely. For example,
HSV1716 is highly potent against hepatocellular carcinoma (30). With respect to
neuroblastomas, HSV1716 exhibits activities from a complete response in the CHP-134
model to a mild effect in the SK-N-AS model (31). The underlying events are complex,
but the nature of virus-host interactions seems a determinant. It has been suggested
that the activation of mitogen-activated protein kinase or RAS oncogene in tumor cells
inhibits PKR and thereby permits viral replication (32, 33). On the other hand, genetic
or epigenetic suppression of stimulator of interferon gene (STING), a mediator of IFN
induction, is reported to license the y,34.5 null mutant for tumor destruction (34, 35).

Type | IFNs are a family of cytokines that upregulate a spectrum of molecules with
various functions (36). While antiviral in nature, type | IFN also critically primes antitumor
immunity (37, 38). In light of these observations, we hypothesize that a desirable oncolytic
HSV backbone would instigate IFN production while retaining robust replication within
tumor cells. Here we report that targeted editing of the y,34.5 gene enables viral replica-
tion and IFN induction. Such a unique agent markedly reduces tumor growth and metas-
tasis in vivo. Our work suggests that a selective alteration of virus-cell interactions favors
tumor destruction.

RESULTS

The y,34.5 mutant bearing amino acids 147 to 263 replicates efficiently in
tumor cells. We recently reported that an HSV vy,34.5 mutant (AN146), with only amino
acids 147 to 263, is substantially impaired for viral growth in normal cells or tissues (18,
39). To explore its property in malignant cells, we determined viral replication. As
illustrated in Fig. 1A, in 4T1 (murine breast carcinoma) cells, wild-type HSV-1 replicated
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FIG 2 (A and B) Kinetics of viral growth in 4T1 (A) and MDA-MB-231 (B) cells. Cells were infected with indicated viruses (0.01 PFU/cell). Viral yields
were measured at different time points postinfection. (C and D) Viral cytolytic effects on 4T1 (C) and MDA-MB-231 (D) cells. Cells were infected
with viruses (0.1 PFU/cell) for 2 h, and then cell viability was determined by CellTiter-Glo luminescent cell viability assay at the indicated times.
The relative cell viability is normalized to that of the mock control. All the data are representative of those from three experiments with triplicate
samples. Differences between the selected groups were statistically assessed by a two-tailed Student t test. * P < 0.05; ** P < 0.01.

to 1 X 107 PFU/ml, whereas the +y,34.5 null mutant (Avy,34.5) reached only 1 X 103
PFU/ml. However, AN146 grew to 1 X 10® PFU/ml, indicative of robust replication. A
similar trend was observed in MDA-MB-231 (human breast adenocarcinoma) cells, in
which AN146 replicated 100-fold better than Avy,34.5 (Fig. 1B). Moreover, these phe-
notypes were recapitulated in a range of other tumor cells, including human HT29
(colon), SW480 (colon), HepG2 (liver), C32 (melanoma), A375 (melanoma), and A549
(lung) cells (Fig. 1C to H).

Next, we examined the kinetics of viral growth. As presented in Fig. 2A, wild-type
HSV-1 grew steadily in 4T1 cells as infection progressed, with a titer increased to
1 X 107 PFU/ml by 72 h postinfection. AN146 replicated to 1 X 10° PFU at a slightly
lower level. And Avy,34.5 barely replicated, with a titer of 1 X 103 PFU/mI throughout
infection. A similar trend was observed in MDA-MB-231 cells, in which AN146 replicated
100-fold better than Avy,34.5 (Fig. 2B). To assess viral cytolytic activity, we measured cell
viability. Figure 2C shows that similar to wild-type virus, AN146 lysed almost 95% of 4T1
cells by 72 h, with slightly delayed kinetics. Ay,34.5 destroyed approximately 40% of
cells. Such effects were also mirrored in MDA-MB-231 cells (Fig. 2D). Together, these
results suggest that AN146 replicates in and lyses tumor cells more effectively than the
v,34.5 null mutant.

AN146 promotes viral protein production through a block of elF2«a phosphor-
ylation in tumor cells. HSV infection proceeds in a temporal manner, with sequential
expression of «, B, and vy genes. Onset of viral DNA replication invokes the cessation of
protein synthesis in the absence of y,34.5 (11). To investigate AN146 in breast cancer
cells, we analyzed ICP27 (« protein) and gC (y protein), whose expression relies on viral
DNA replication. Cells were mock infected or infected with viruses. At 12 h postinfec-
tion, samples were subjected to Western blot analysis. As shown in Fig. 3A and B,
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FIG 3 (A and B) Production of gC and ICP27 in virus-infected cells. 4T1 (A) and MDA-MB-231 (B) cells were
mock infected or infected with the indicated viruses at 5 PFU per cell. At 12 h postinfection, cells were
harvested and subjected to Western blot analysis with antibodies against gC, ICP27, and B-actin. (C and
D) Effects of viral infection on elF2a phosphorylation. 4T1 (C) and MDA-MB-231 (D) cells were mock
infected or infected with viruses. At 12 h postinfection, lysates of cells were subjected to immunoblotting
analysis with antibodies against elF2«, phosphorylated elF2a (Ser51), ,34.5, and B-actin. The data are
representative of those from three independent experiments.

wild-type virus expressed both ICP27 and gC in 4T1 and MDA-MB-231 cells. However,
Avy,34.5 expressed little gC. Under this condition, AN146 produced comparable levels
of ICP27 and gC. In this respect, AN146 resembles wild-type virus in blocking transla-
tional arrest initiated by viral DNA replication.

As elF2a is coupled to protein synthesis, we monitored elF2«, which, upon phos-
phorylation by stress kinases PKR, PERK, and GCN2 (40), arrests translation. As shown in
Fig. 3C and D, levels of expression of elF2a were comparable in mock- and virus-
infected cells. Interestingly, phosphorylated elF2a was presented in mock-infected
cells, which is presumably due to oncogenic stress (41, 42). While wild-type virus
inhibited elF2a phosphorylation, Avy,34.5 aggravated its phosphorylation. Notably,
AN146 completely abrogated elF2a phosphorylation. It appears that in tumor cells, the
coding region spanning amino acids 147 to 263 from vy,34.5 effectively inhibits elF2«
phosphorylation.

AN146 stimulates the inflammatory response in tumor cells. To further investi-
gate the footprint of AN146, we performed transcriptome analysis. We found that
numerous genes in diverse cellular pathways were expressed differentially in 4T1 cells
mock infected and infected with viruses. Of note, many genes in the innate immune
pathways were evidently upregulated in response to AN146. Among 46 genes listed in
Fig. 4A, most remained unchanged or marginally expressed in cells mock infected or
infected with wild-type virus. However, they were upregulated in cells infected with
Avy,34.5, albeit to a different extent. Notably, gene induction was more pronounced in
cells infected with AN146, suggesting that AN146 has a propensity to stimulate the
inflammatory response.

To validate these results, we determined the expression of selected cytokines and
interferon-stimulated genes by real-time PCR (Fig. 4B). As expected, wild-type virus
triggered little expression of IFN-a1, IFIT1, Ccl5, and Cxcl9, whereas Ay,34.5 or AN146
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FIG 4 (A) Transcriptome analysis of 4T1 cells. Cells were mock infected or infected with the indicated viruses (5 PFU/cell). At 6 h postinfection, samples were
processed for microarray analysis. The heat map includes 46 chemokines or interferon-related genes (IRGs). G1 and G2 represent distinct experimental replicates.
The data represents log, fold changes. (B) Expression of IFN-a1, IFIT1, Ccl5, and Cxcl9. The RNA samples were analyzed by quantitative PCR. Results are
expressed as fold activation with SDs among triplicate samples. Differences between the selected groups were statistically assessed by a two-tailed Student
t test. (C) 4T1 cells were mock infected or infected with HSV-1(F), Ay134.5, or AN146 (5 PFU/cell) for 16 h. Cell supernatants were collected to determine IFN-«
and Cxcl9 levels using a commercial ELISA kit. The data from triplicate samples were statistically assessed by a two-tailed Student test. (D) IRF3 phosphorylation
detection after HSV-1(F), Ay,34.5, or AN146 infection. 4T1 cells were infected with the indicated viruses at 5 PFU/cell, and cell lysates were subjected to
immunoblotting analysis with antibodies against IRF3, phosphorylated IRF3 (Ser39¢), ICP27, ICPO, and B-actin at 6 h postinfection. (E) Quantification of IRF3
phosphorylation. The protein bands shown in panel D were quantified using NIH ImageJ software. The data are presented as the relative amount of
phosphorylated IRF3 normalized to the total level of IRF3 in each sample, with mock infection arbitrarily set at 1.0. The data are averages from three
independent experiments and were statistically assessed by a two-tailed Student t test. * P < 0.05; ** P < 0.01.

sharply induced these genes. This was corroborated by the levels of cytokine produc-
tion in enzyme-linked immunosorbent assay (ELISA) (Fig. 4C). To dissect the molecular
basis, we analyzed interferon regulatory factor 3 (IRF3), which activates immune
responses. As illustrated in Fig. 4D, IRF3 was unphosphorylated in 4T1 cells mock
infected or infected with wild-type HSV-1. In contrast, it became phosphorylated in cells
infected with Avy,34.5 or AN146. This was not due to differences in viral infectivity, as
indicated by the normal expression of ICPO and ICP27. And these results were con-
firmed in multiple experiments (Fig. 4E). Moreover, these phenotypes were seen in
human MDA-MB-231 cells (Fig. 5). We conclude that like Avy,34.5, AN146 is immunos-
timulatory upon infection of malignant cells.

AN146 replicates competently in tumor cells treated with IFN-a. Type | IFN is
necessary to prime immunity against tumors (37, 38). On the other hand, it mediates
antiviral responses (36). To determine whether AN146 is refractory to clearance by IFN,
we examined viral growth. As proof of concept, we first determined the viral response
to IFN in Vero cells, which are devoid of IFN-a/B genes (Fig. 6A). Treatment with IFN-«
had little effect on replication of HSV-1(F) but drastically reduced replication of Ay,34.5,
approximately 1,000-fold. However, IFN-a only modestly decreased replication of
AN146. Furthermore, when tested in 4T1 and MDA-MB-231 cells, a similar trend was
observed (Fig. 6B and 6C). While IFN-a reduced viral replication in general, the effect
was smaller on wild-type HSV-1 or AN146. Indeed, AN146 consistently replicated 500-
to 1,000-fold higher than Avy,34.5 in the presence of exogenous IFN-a. Thus, amino
acids 147 to 263 from vy,34.5 are sufficient to confer viral resistance to IFN.
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FIG 5 (A) Cytokine expression in MDA-MB-231 cells. Cells were either mock infected or infected with HSV-1(F), Ay,34.5, or AN146 (5 PFU/cell). At
6 h after infection, total RNA extracted from cells was subjected to quantitative real-time PCR amplification for the expression of IFN-«1, IFIT1,
Ccl5, and Cxcl9 on MDA-MB-231 cells. The results are representative of those from three experiments with triplicate samples and were statistically
assessed by a two-tailed Student t test. (B) IRF3 phosphorylation viral infection. MDA-MB-231 cells were infected with the indicated viruses at 5
PFU/cell, and cell lysates were subjected to immunoblotting analysis with antibodies against IRF3, phosphorylated IRF3 (Ser3°¢), ICP27, ICPO, and
B-actin at 6 h postinfection. (C) Quantification of IRF3 phosphorylation. The protein bands shown in panel B were quantified using NIH ImageJ
software. The data are averages from three independent experiments and were statistically assessed by a two-tailed Student t test. ** P < 0.01.

AN146 reduces primary tumor growth and metastasis in vivo. Based on the
above-described analyses, we hypothesize that the capacity of AN146 to replicate and
activate inflammation may facilitate tumor destruction in vivo. To test this, we chose an
aggressive 4T1 mammary carcinoma that spontaneously metastasizes, a process anal-
ogous to that in human mammary tumors (43). For comparison, we used Avy,34.5,
which resembles HSV1716 (4, 6). In addition, we included recombinant HSV EUs11 (44),
which is structurally equivalent to the oncolytic backbone for talimogene laher-
parepvec (45). Tumors formed subcutaneously in the flanks of mice were injected with
phosphate-buffered saline (PBS), Ay,34.5, AN146, or EUs11 (1 X 107 PFU) on days 1, 3,
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FIG 6 Viral response to type | interferon. (A)V ero cells were untreated or pretreated with human IFN-a (Sigma) at 500 U/ml for 20 h. Cells were
then infected with indicated viruses at 0.01 PFU per cell. Viral yields were determined at 48 h postinfection. (B) 4T1 cells were left untreated or
pretreated with mouse IFN-a (Sigma) at 250 U/ml for 20 h. Cells were then infected with the indicated viruses at 0.01 PFU per cell. Virus yields
were determined at 48 h postinfection. (C) MDA-MB-231 cells were treated as for panel A, and virus yields were determined at 48 h postinfection.
The data are representative of those from three independent experiments. Differences between the selected groups were statistically assessed
by a two-tailed Student t test. ** P < 0.01.
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* P<0.05; ** P<0.01.

and 6. Tumor size was then monitored. As illustrated in Fig. 7A, control tumors treated
with PBS grew at a higher rate over time. Treatment with the 7,34.5 null virus
marginally reduced local tumor growth. However, intratumor inoculation with AN146
or EUs11 slowed tumor growth. And reduction in tumor size became more apparent as
the treatment progressed. On day 24, AN146 as well as EUs11 reduced the tumor size
by nearly 45% compared to that with the mock control or Avy,34.5. Hence, while
comparable to EUs11, AN146 is superior against primary tumors compared with
Avy,34.5.

To assess the viral impact on metastasis, we analyzed lung tumor formation on day
24. Figure 7B shows that pulmonary metastasis was readily detectable in control mice,
with an average of 25 nodules per animal as measured by microscopic analysis.
Treatment with Avy,34.5 or EUs11 reduced metastasis incidence, with an average of 15
nodules per animal. Notably, AN146 further reduced metastasis burden, with an
average of 10 nodules. Therefore, although all virus constructs reduce pulmonary
metastasis, AN146 exerts the most notable effect.

AN146 replicates in primary tumor but not normal tissues. To assess the extent
of viral replication, we first measured viral yields in primary tumors collected on day 9.
As illustrated in Fig. 8A, Ay,34.5 maintained at an average titer of 1 X 102 PFU/g of
tumor tissue as measured by plaque assay. On the other hand, EUs11 grew at an
average titer of 7 X 103 PFU/g of tumor tissue. Similarly, AN146 grew at an average titer
of 5 X 103 PFU/g of tumor tissue. Apparently, like EUs11, AN146 replicated approxi-
mately 50-fold better than Avy,34.5. In line with this, viral antigens were detected in thin
sections of the tumor beds (Fig. 8B), where AN146 and EUs11 spread more extensively
than Ay,34.5. This correlated with the degree of necrosis of the tumor tissues.

To gauge whether viruses spread to the normal tissues, we analyzed for Avy,34.5,
AN146, and EUs11 in the lung, blood, liver, and spleen by qPCR assay. As shown in Fig.
8C, no viruses were detectable in these tissues on day 9, although they were readily
found in the tumors (data not shown). These results suggest that like that of Ay,34.5
or EUs11, replication of AN146 is limited to the tumor tissues in vivo.

To verify that viral replication indeed occurs actively in the tumors, we performed
triple therapy of 4T1 primary tumors and measured viral yields on days 7, 9, and 15. As
indicated in Fig. 9, viruses were detectable at about 2 X 102 PFU/g of tumor tissue on
day 7 by plaque assay. As treatment progressed, the quantity of Avy,34.5 remained
unchanged initially and then was reduced to 1 X 10 PFU/g of tumor tissue by day 15.
However, under this condition, the level of AN146 increased to 1 X 10* PFU/g of tumor
tissue on day 9, which subsequently decreased to 1 X 103 PFU/g of tumor tissue by day
15. EUs11 displayed a similar growth pattern. Therefore, unlike Avy,34.5, AN146 and
EUs11 are able to replicate within tumor in vivo.
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between the selected groups were statistically assessed by a two-tailed Student t test. ** P < 0.01.

AN146 enhances infiltration of CD4+ and CD8* T cells into primary tumors.
Previous work suggested that oncolytic HSV with deletion of y,34.5 activates systemic
antitumor immunity (28, 46). As intratumor virus injection reduced both local tumor
growth and metastasis formation, we asked whether there is induction of adaptive
immunity. To investigate this, we probed for CD4* and CD8* T cells by immunohis-
tochemistry analysis. Primary tumors collected on day 24 were processed and stained
for the presence of CD4* and CD8* T cells. As illustrated in Fig. 10, in mock-infected
tumors, a few CD4" or CD8™ T cells (<4%) were detectable. However, in tumors treated
with Ay,34.5, CD4" T cells rose to 12% and CD8* T cells to 7%. Similarly, AN146
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FIG 9 Kinetics of viral replication in tumors. Mice with established 4T1 tumors were given triple therapy
onday 1, 3, and 6 as described in Materials and Methods. Tumor tissues were harvested on days 7, 9, and
15 (n = 4 per time point) and subsequently examined for viral growth by plaque assay. The data from
a representative experiment were statistically assessed by a two-tailed Student t test. ** P < 0.01.
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FIG 10 (A) Infiltration of CD4* and CD8* cells into 4T1 tumors. Tumor tissues were harvested from mice with triple therapy on day 24. Thin sections
were processed and stained with antibodies against CD4* and CD8* T cells. CD4* and CD8" T cells are brown. (B) CD4* T cells were quantified using
NIH ImagelJ software in tumor tissues (n = 6). (C) CD8* T cells were quantified in tumor tissues (n = 6). Differences between the selected groups were
statistically assessed by a two-tailed Student t test. * P < 0.05; ** P < 0.01.

accounted for 15% of CD4* and 8% CD8* T cells, respectively. Although EUs11
triggered immune cell infiltration, the observed effect was reduced for both CD4*
(10%) and CD8" (5%) T cells. These results suggest that similar to Ay,34.5, AN146
induces T cell infiltration, whereas EUs11 appears to dampen this process.

AN146 and EUs11 interact with tumor cells differently. To determine whether
AN146 and EUs11 interact with tumor cells differently, we carried out in vitro analyses.
As shown in Fig. 11A, AN146 infection stimulated transcription of the IFN-a1 and Cxcl9
genes. In contrast, EUs11 suppressed gene expression. This paralleled the levels of
cytokine production as measured by ELISA (Fig. 11B). Consistently, AN146 stimulated
phosphorylation of IRF3 and EUs11 failed to do so (Fig. 11C), suggesting that EUs11
mediates immunosuppression upon virus infection.

To assess the viral capacity to destroy tumor cells, we measured cell viability. Figure
11D shows that like EUs11, AN146 lysed almost 95% of 4T1 cells by 72 h. Thus, both
AN146 and EUs11 lysed tumor cells efficiently. We further determined viral replication
in 4T1 cells with or without IFN treatment. Figure 11E shows that in the absence of
IFN-a, both AN146 and EUs11 replicated efficiently, with a titer reaching about 1 X 10°
PFU/ml. Addition of exogenous IFN-a modestly reduced viral replication for AN146 and
EUs11, with a titer of 5 X 10 PFU/ml, suggesting that they are equally resistant to type
I IFN.

DISCUSSION

Several oncolytic HSV agents, deficient in the y,34.5 gene, have moved into or
completed clinical trials (3-7). While these represent a milestone, much remains to be
deciphered. This is particularly evident with respect to virus-tumor cell interactions. In
the present study, we showed that selective editing of the y,34.5 gene results in a
distinct oncolytic HSV backbone which propagates robustly in tumor cells, instigates
inflammatory cytokine expression, and mediates antitumor effects in vivo.

Our work indicates that the +y,34.5 domain spanning amino acids 147 to 263 is
sufficient to promote oncolytic activity. We observed that AN146 replicated compe-
tently in and lysed the tumor cells refractory to Avy,34.5. We suspect that only a subset
of y,34.5 functions is required for efficient productive infection of the tumor cells and
cytotoxicity, which might occur through multiple pathways. As AN146 prevents trans-
lation arrest of glycoprotein C and elF2a phosphorylation, a notable oncolytic mech-
anism would be that the phosphatase 1 regulatory motif conserved in vy,34.5 and
cellular Myd116 precludes elF2«a phosphorylation by PKR (12, 47), which partly accounts
for viral resistance to IFN (48). This is functionally analogous to Us11, which directly
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FIG 11 Comparative analysis of AN146 and EUs11 in vitro. (A) Viral effects on the expression of IFN-a1 and Cxcl9. 4T1 cells were mock infected or infected with
AN146 or EUs11 (5 PFU/cell). At 6 h postinfection, RNA samples were analyzed by quantitative PCR. (B) Virus effects on cytokine production. 4T1 cells were
infected as for panel A. At 16 h, cell supernatants were collected to determine the levels of IFN-« and Cxcl9 by ELISA. All the data are representative of those
from three experiments with triplicate samples. Differences between the selected groups were statistically assessed by a two-tailed Student t test. ** P < 0.01.
(C) Viral effects on IRF3 phosphorylation. 4T1 cells were mock infected or infected with the indicated viruses (5 PFU/cell). At 6 h postinfection, lysates of cells
were subjected to immunoblotting analysis with antibodies against IRF3, phosphorylated IRF3 (Ser396), ICP27, ICPO, and B-actin. (D) Viral cytolytic effects on
4T1 cells. Cells were infected with viruses (0.1 PFU/cell), and cell viability was determined by CellTiter-Glo luminescent cell viability assay at the indicated time
points. The relative cell viability is normalized to that of the mock control. (E) Viral response to interferon. 4T1 cells were left untreated or pretreated with IFN-«
(Sigma) at 250 U/ml for 20 h. Cells were then infected with the indicated viruses (0.01 PFU/cell), and virus yields were determined at 48 h postinfection. All data

are representative of those from three experiments among triplicate samples with SDs.

inhibits PKR when expressed by the EUs11 virus (44, 49, 50). Another possibility is that
AN146 may abrogate elF2« phosphorylation mediated by PERK or GCN2, both of which
are often activated under oncogenic stress in tumor cells (41, 42, 51, 52). An additional
possibility is to block the antiviral action of interferon-stimulated genes, such as IFIT1,
IFIT3, Rsad2 (viperin), and Mx2. Two lines of evidence are consistent with this model.
First, upregulation of these antiviral effectors barely affected AN146 replication. Second,
like EUs11, AN146 was more resistant to IFN-«a treatment than was Avy,34.5. Additional
work is required to test these hypotheses.

AN146 stimulates the expression of inflammatory cytokines without major interfer-
ence of viral growth in tumor cells. Consistently, AN146 induced phosphorylation of
IRF3 upon infection of 4T1 and MDA-MB-231 cells. This is attributable to the deletion
in the N-terminal domain from vy,34.5 necessary to inhibit STING or TBK1 (18, 53). The
immunostimulatory activity, coupled with its robust replication in tumor cells, suggests
that AN146 is a unique oncolytic platform. This is in contrast to the EUs11 virus, which
mediates an immunosuppressive effect. This may operate through early expression of
the Us11 protein to disrupt the HSP90-TBK1 complex (44). Considering a costimulatory
profile of IFN in cancer immunotherapy (38), it is attractive to speculate that AN146 may
prime antitumor responses in an IFN-dependent manner in vivo. However, the precise
mechanism(s) of AN146 action is to be established. Several DNA sensors, including
cGAMP synthase, interferon-inducible protein 16, and DEAD box helicase 41, recognize
HSV-1 (54-56). It is possible that AN146 may trigger one or more these receptors,
leading to inflammatory gene expression. Alternatively, AN146 may engage Toll-like
receptor 3, retinoid acid-inducible gene I, or melanoma differentiation-associated gene
5, which mediates cytokine production in the tumor microenvironment (57).
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The 4T1 breast carcinoma model closely resembles stage IV human breast cancer
(43). Its gene signature is suggested to predict poor survival in human malignancies
(58). Although the tumor grew aggressively and spread spontaneously, AN146 mark-
edly decreased primary tumor growth, like EUs11. This contrasts to a marginal effect
with Avy,34.5, which lacks the vy,34.5 gene. These phenotypes correlated with the
extent of viral replication in primary tumor, suggesting that expression of only amino
acids 147 to 263 from +y,34.5 is adequate to enhance oncolytic potency. Importantly,
intratumor virus administration also reduced lung metastasis. In this regard, AN146
mediated the most pronounced effect, which cannot be explained solely by the
difference in viral replication. In line with these results, treatment with AN146, EUs11,
or Avy,34.5 induced infiltrations of CD4* and CD8™ T cells with a different magnitude.
This is consistent with the early observations that the y,34.5 null mutants activated
systemic adaptive immunity against tumors (28, 46). We speculate that besides cytolytic
destruction, AN146 may favorably activate antitumor immunity to prevent metastasis
into distal organs.

Deletion in the N-terminal domain from -y,34.5 limits viral replication to the malig-
nant tissues. Infectious viruses were recovered from the tumor beds after intratumor
inoculation. Remarkably, AN146 was present at a much higher level than Avy,34.5,
which might reflect active virus replication or a delay in clearance. This resembled the
EUs11 virus, in which expression of Us11 recused viral replication. However, no viruses
were detectable in the lung, kidney, liver, or blood. Given that AN146 is avirulent, as
demonstrated in our previous work (18), these results support the model that an intact
v,34.5 protein is required for viral replication in normal tissues. Because the N-terminal
domain is associated with multiple functions, including virus egress and the inhibition
of IFN expression, dendritic cell maturation, and autophagy (17-21), its removal may
render the virus unable to overcome host restrictions, possibly at multiple levels. Work
is in progress to investigate this possibility.

MATERIALS AND METHODS

Cells and viruses. Vero, HT-29, SW480, C32, A375, MDA-MB-231, 4T1, HepG2, and A549 cells were
obtained from the American Type Culture Collection. Vero, SW480, C32, A375, MDA-MB-231, and A549
cells were propagated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum. HT-29, 4T1, and HepG2 cells were propagated in RPMI 1640 supplemented with 10% fetal
bovine serum. HSV-1(F) is a prototype HSV-1 strain used in this study (59). In recombinant virus Ay,34.5,
a 1-kb fragment from the coding region of the y,34.5 gene was deleted (8). In AN146, the sequences of
the vy,34.5 gene encoding amino acids 1 to 146 were deleted (18). In EUs11, the y,34.5 gene was deleted
but with the Us11 gene driven by the a-47 promoter (44). Preparation of viral stock and titration of
infectivity were carried out as described previously (18, 60).

Virus infection. Virus infections were carried out at the desired multiplicities of infection (18). Cells
were then harvested and processed for immunoblot, real-time PCR, or viral growth analysis (18, 21). The
cell viability was determined by CellTiter-Glo luminescent cell viability assay (Promega) according to the
manufacturer protocols. For the interferon assay, Vero and MDA-MB-231 cells were left untreated or
treated with human IFN-a (SRP4596; Sigma), and 4T1 cells were treated with mouse IFN-« (18782-1VL;
Sigma) for 20 h. Cells were then infected with viruses, and virus yields were determined at 48 h
postinfection.

Immunoblot analysis and ELISA. Cells were harvested, washed with phosphate-buffered saline
(PBS), and lysed as described previously (18). Samples were then subjected to electrophoresis on
denaturing polyacrylamide gels, transferred to nitrocellulose membranes, and reacted with antibodies
against gC (61), y,34.5 (22), ICP27 (P1113; Virusys Inc.), ICPO (sc-53070; Santa Cruz), elF2«a (5324; Cell
Signaling Technology, Inc.), phosphorylated elF2a (3398; Cell Signaling Technology, Inc.), IRF3 (4302; Cell
Signaling Technology, Inc.), phosphorylated IRF3 (4947; Cell Signaling Technology, Inc.), and B-actin
(A5316; Sigma). The membranes were rinsed in PBS, reacted with either donkey anti-rabbit or anti-mouse
immunoglobulin conjugated to horseradish peroxidase, and developed with an enhanced chemilumi-
nescence Western blot detection system kit (Amersham Pharmacia Biotechnology, Inc.). To perform
enzyme-linked immunosorbent assays (ELISA), supernatants of cell culture were collected to analyze
IFN-a (42120-1) and Cxcl9 (DY492) according to the manufacturer’s instructions (R&D Systems).

Transcriptome analysis. 4T1 cells were mock infected or infected with viruses (5 PFU/cell). At 6 h
postinfection, RNA was extracted from the cells using an RNase Plus minikit (Qiagen) and treated with
DNase | digestion (New England BioLabs). Duplicate RNA samples were processed using Clariom S
Affymetrix array at the Center for Genomic Research at the University of lllinois. Raw data generated from
the Clariom S mouse array were processed in R using package Oligo (62). Feature intensity values from
each CEL file was converted into normalized expression values using Robust Multiarray Average (RMA)
with default settings. All the positive- and negative-control probes, along with Affymetrics report genes
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(RPTR), were removed before performing the downstream analysis. Principal-component analysis (PCA)
plots were generated to check for any batch effect. Differential gene expression analysis was performed
using the limma package (63). Significantly expressed genes were filtered for an adjusted P value of
<0.05. Heat maps were produced from the primary data (the normalized expression value) using the R
package pheatmap v1.0.8.

Quantitative real-time PCR assay. Cells were mock infected or infected with viruses. At 6 h after
infection, total RNA was harvested and analyzed by real-time PCR (18). Gene expression levels were
normalized to endogenous control 18S rRNA. Relative gene expression was determined by the threshold
cycle (2—22¢T) method (64). Primers for each gene were chosen according to the recommendation of the
qPrimerDepot database (12). Primer sequences were as follows: mouse IFN-a1, GCC TTG ACA CTC CTG
GTA CAA ATG AG and CAG CAC ATT GGC AGA GGA AGA CAG; mouse IFIT1, CAA GGC AGG TTT CTG AGG
AG and AAG CAG ATT CTC CAT GAC CTG; mouse Ccl5, CTG CTG CTT TGC CTA CCT CT and CAC TTC TTC
TCT GGG TTG GC; mouse Cxcl9, TCC TTC CTT CCT TCC TTC CTT CC and AGG CTC TTT TTC ACC CTG TCT
GG; human IFN-a1, GGC CTT GAC CTT TGC TTT ACT G and CAC AGA GCA GCT TGA CTT GCA; human IFIT1,
CCT CCT TGG GTT CGT CTA CA and AGT GGC TGA TAT CTG GGT GC; human Ccl5, CCT GCT GCT TTG CCT
ACA TT and ACA CAC TTG GCG GTT CTT TC; human Cxcl9, CCC TGT TTC TTC CAC AGT GCC TA and GAG
ACA ATG GTC TGG TTG CCA TC; 18S rRNA, CCT GCG GCT TAA TTT GAC TC and AAC CAG ACA AAT CGC
TCC AC.

Mouse studies. Five-week-old BALB/c mice were purchased from Harlan Sprague Dawley Inc. and
housed under specific-pathogen-free conditions and biosafety level 2 containment. All experimental
procedures involving animals were approved by the institutional animal care and use committee of
University of lllinois at Chicago. At 6 weeks of age, 1 X 10° viable 4T1 cells suspended in PBS were
inoculated subcutaneously into the right flanks of the mice (day —7). When the tumor reached a volume
of approximately 100 mm3 8 days after, mice were randomly assigned into three groups. Mice then
received three intratumor injections of Ay,34.5, AN146, or PBS on days 1, 3, and 6. Each tumor was
injected slowly with total of 1 X 107 PFU of virus or PBS in a volume of 0.1 ml. The tumor growth was
monitored by measuring two perpendicular tumor diameters the height and with a digital caliper. Tumor
volumes were calculated using the following formula: volume = (length X width X height)/2. On day
24 after tumor inoculation, mice were euthanized by CO, inhalation.

Tissue analysis. On selected days after the last intratumor injection, six mice from each treatment
group were sacrificed to collect the tumor, lungs, liver, spleen, and blood. To measure viral growth, the
samples were minced, homogenized, subjected to bead beating, freeze-thawed three times, and
sonicated in DMEM. After centrifugation, the tumor supernatants were used for plaque assay. The
supernatants from the lungs, liver, spleen, and blood were used for quantitative real-time PCR assay.
Briefly, the supernatants were suspended in buffer containing 1% SDS, 50 mM Tris (pH 7.5), and 10 mM
EDTA. After incubation with proteinase K (50 ug/ml) at 37°C, viral DNA was extracted and quantified by
real-time PCR using HSV-1 gD-specific primers (TAC AAC CTG ACC ATC GCT TG and GCC CCC AGA GAC
TTG TTG TA). For metastatic formation assay, the lungs from mice were excised and fixed in formalin. The
number of lung metastases was quantified by counting under a light microscope (65).

Immunohistochemistry analysis. Tissue sections were processed and HSV-1 antigens were detected
with antibody against HSV-1 (Dako) as described previously (18). CD4 (25229; Cell Signaling Technology,
Inc.) and CD8 (98941; Cell Signaling Technology, Inc.) were straining according to the manufacturer
protocol. Samples were incubated with primary antibody prior to the addition of biotinylated anti-rabbit
immunoglobulin secondary antibody, avidin-horseradish peroxidase, and 3,3-diaminobenzidine tetrahy-
drochloride (0.04%) in 0.05M Tris-HCI (pH 7.4) and 0.025% H,O, as a chromogen (Ventana Medical
Systems, Tucson, AZ).
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