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Enhancing the HSV-1-mediated antitumor immune response by

suppressing Bach1
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Heng Yang®™ and Genhong Cheng®™

© The Author(s), under exclusive licence to CSI and USTC 2021

BACKGROUND: In 2015, herpes simplex virus 1 (HSV-1)-derived talimogene laherparepvec (T-VEC) was the first oncolytic virus
approved by the US Food and Drug Administration as a therapeutic agent for cancer treatment. However, its antitumor application
is limited to local treatment of melanoma, and there is a lack of understanding of the mechanisms underlying the regulation of
HSV-1 replication in cancer cells and the associated antitumor immunity. We hypothesized that increasing the replication capacity
of HSV-1 in tumor cells would enhance the antitumor effect of this virus.

METHODS: We systematically identified IFN-stimulated genes induced by HSV-1 by performing functional screens and clarified the
mechanism by which BACH1 acts against HSV-1. Then, we tested the effect of BACH1 deficiency on immunogenic cell death
induced by HSV-1. Furthermore, we investigated the antitumor effect of BACH1 deficiency on HSV-1 in MCA205 and B16 murine
tumor models.

RESULTS: We identified eight IFN-stimulated genes (ISGs) controlling HSV-1 replication, among which BTB and CNC homology 1
(BACHT) suppressed HSV-1 replication by inhibiting the transcription of ICP4, ICP27, and UL39. Loss of Bach1 function not only
increased HSV-1 proliferation but also promoted HSV-1-induced cell apoptosis, HMGB1 secretion, and calreticulin exposure in tumor
cells. More importantly, hemin, an FDA-approved drug known to downregulate BACH1, significantly enhanced HSV-1-mediated
antitumor activity with increased T lymphocyte infiltration at the tumor site.

CONCLUSIONS: Our studies uncovered a novel antiviral activity of BACH1 and provided a new strategy for improving the clinical

efficiency of the oncolytic virus HSV-1.
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INTRODUCTION

The immune system plays a vital role in the formation of tumors,
and a variety of immunotherapies have been developed [1, 2]. The
emergence of immunotherapy, especially immune checkpoint
inhibitors, has completely changed the approach to cancer
treatment. For some cancers, anti-PD-1/PD-L1 antibodies have
become the preferred treatment, as they promote T lymphocyte-
mediated elimination of tumors [3-6]. However, anti-PD-1/PD-L1
antibodies have no significant effects on patients with low
lymphocyte infiltration in the tumor microenvironment [7, 8].
Therefore, oncolytic viruses that change the tumor microenviron-
ment and promote lymphocyte infiltration have become a
promising therapy [9, 10].

Oncolytic viruses selectively replicate in and lyse tumor cells,
promoting the presentation of tumor antigens by antigen-
presenting cells and the release of damage- or pathogen-
associated molecular patterns [11]. Various oncolytic viruses,
including herpes simplex virus, vaccinia, adenovirus, reovirus,
vesicular stomatitis virus, poliovirus, measles, and coxsackie virus,
have been tested in clinical trials; in particular, HSV-1 can induce
local and distant antitumor immunity in melanoma patients
[12-14]. In 2015, the FDA approved the oncolytic herpes virus
talimogene laherparepvec (T-VEC), which lacks ribonucleotide
reductase and expresses granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), as a first-in-class agent for metastatic
melanoma. T-VEC works in two ways: direct lysis of neoplastic cells
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Fig. 1

Screening of interferon-inducible genes that inhibit HSV-1 replication. A HEK293T cells were transfected with individual ISGs for 36 h

and then infected with HSV-1 for 12 h. The cells were lysed, and luciferase activity was measured. Each dot represents an ISG, and its effect on
HSV-1 luciferase activity was normalized to that of control cells transfected with GFP. Values represent the mean of triplicates. B Histogram of
all ISGs. Their effects on HSV-1-Luc were normalized to HSV-1-Luc in control cells transfected with GFP. C Selected ISGs from the screen were
verified in three independent experiments and normalized to the control. Values represent the mean + SEM. D and E The inhibitory effects of
ISGs selected from previous screens against HSV-1-Luc (C) were measured by RT-PCR (D) and a plaque assay (E). Values represent the mean +

SEM of three independent experiments

and stimulation of a tumor antigen-specific adaptive immune
response [15, 16]. In a phase 3 clinical trial, the response rate in the
T-VEC treatment group was 16%, which needs to be improved
[17]. There are two potential reasons for the low efficacy of T-VEC
in patients: neutralizing anti-HSV-1 antibodies and innate anti-
HSV-1 resistance mechanisms that control HSV-1 replication and
dissemination. Therefore, further studies are needed to improve
the efficacy of T-VEC.

Type | interferons (IFNs) play an important role in antiviral
responses by binding IFN receptors (IFNARs), resulting in the
induction of IFN-stimulated gene (ISG) transcription [18, 19]. ISGs
have diverse effects on different viruses mediated through distinct
mechanisms. CH25H and [FITMs inhibit viral entry, PARP12
promotes the degradation of the Zika virus NS1 and NS3 proteins,
and TETHERIN prevents the release of virions from infected cells
[20-24]. There is evidence that HSV-1 is sensitive to IFN, and some
ISGs that act against HSV-1, such as CH25H and IRF1, have been
identified [21, 25]. Herein, we identified BACH1 as an inhibitor of
HSV-1 replication. BACH1 belongs to the basic region leucine
zipper (bZip) family, whose members bind to promoters and thus
regulate the transcription of target genes [26]. BACHT plays
important roles in diverse cellular processes, such as the cell cycle,
differentiation, the oxidative stress response, heme homeostasis,
ferroptosis, and cancer metastasis [27-32]. The intracellular level
of the BACH1 protein is regulated by heme, which stimulates the
ubiquitination and proteasomal degradation of BACH1 [33].

To systematically identify ISGs induced against HSV-1, we
performed a functional screen and identified eight ISGs with
antiviral effects on HSV-1. We validated that BACH1 inhibited the
replication of HSV-1 by repressing the transcription of ICP4, ICP27,
and UL39. Furthermore, Bach1 deficiency enhanced immunogenic
cell death and antigen presentation induced by HSV-1. Finally,
Bach1 depletion or degradation by hemin increased the antitumor
effect of HSV-1, which highlighted the clinical relevance of our
findings. This study provides a new strategy for improving the
clinical efficacy of the oncolytic virus T-VEC.

Cellular & Molecular Immunology (2022) 19:516 - 526

RESULTS

Screening of interferon-inducible genes that inhibit HSV-1
replication

In a previous study, we performed a microarray analysis of IFN-a-
and IFN-y-stimulated murine bone marrow-derived macrophages
and identified 288 IFN-stimulated genes (ISGs) [34]. To identify the
specific ISGs with activity against HSV-1, HEK293T cells were
transfected with the individual ISGs in triplicate for 36 h and then
infected with HSV-1 coexpressing a luciferase reporter gene (HSV-
1-Luc) for 12 h. Then, we lysed the cells and measured HSV-1
luciferase activity. IRF1, which has been identified to act against
HSV-1, was used as a positive control for the screen [25].
Normalized results for the measured luciferase activity were
obtained by comparison with infected cells that were cotrans-
fected with the control gene GFP, because it has been reported
that GFP does not influence HSV-1 replication [35]. Thirteen genes
that could inhibit HSV-1-Luc production by ~60% were identified
in the screening results (Fig. 1A). The median HSV-1 luciferase
activity was 104% in cells transfected with GFP (Fig. 1B). Next, we
verified these candidate genes in independent experiments and
confirmed that the eight genes still inhibited luciferase activity
(Fig. 1C). Similar results were found when we measured the
genome copy number and plaque-forming units (pfu) of HSV-1
(Fig. 1D, E). Given these results, we found that eight ISGs inhibited
the replication of HSV-1. Among these genes, BACH1 has not been
previously reported to have antiviral activity. Therefore, we chose
to further examine the anti-HSV-1 role of BACH1.

Deficiency of BACH1 leads to susceptibility to HSV-1 infection
in vitro

To further characterize the function of BACH1, we generated
HEK293T and primary embryonic fibroblast (MEF) cell lines with
stable Bachl knockdown using small hairpin RNA (shRNA)
sequences against BACHT (Fig. 2A, B). Then, HEK293T cells with
Bach1 knockdown were infected with HSV-1 or T-VEC. At 24 h
post-infection, we found that the replication of HSV-1 and T-VEC
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Fig. 2 Loss of BACH1 function increases the replication of HSV-1. A and B HEK293T cells (A) and MEFs (B) with shRNA-mediated stable
knockdown of BACHT were confirmed by western blotting. These stable knockdown cells were infected with HSV-1 and T-VEC (0.25 MOI), and
then the genome copies of HSV-1 and T-VEC were measured by qRT-PCR at 24 hpi. C and D MCA205 cells (C) and B16 cells (D) with stable
Bach1 knockout were confirmed by western blotting. These stable knockout cells were infected with HSV-1 (0.25 MOI), and the genome copies
of HSV-1 were measured by qRT-PCR at 24 hpi. E-G HEK293T cells, MCA205 cells (F) and B16 cells (G) treated with 20 pM hemin or vehicle
were infected with HSV-1 (0.25 MOI), and the expression level of BACH1 and genome copies of HSV-1 were measured by western blotting and
qRT-PCR, respectively, at 24 hpi. Values represent the mean + SEM of three independent experiments. *P < 0.05, **P < 0.01 by Student’s t test

was increased significantly (Fig. 2A). Similar results were found in
MEFs with Bach1 knockdown (Fig. 2B) and MCA205 fibrosarcoma
cells and B16 melanoma cells in which Bach1 was knocked out by
a CRISPR-Cas9 approach (Fig. 2C, D). These results suggested that
BACH1 played an important role in controlling HSV-1 replication.

BACH1 is degraded by the proteasome when free intracellular
heme is high [33]. Hemin is a derivative of heme and can be used
as an alternative agent to decrease the expression level of BACH1.
We added 20 uM hemin to HEK293T, MCA205 fibrosarcoma or B16
melanoma cells and infected them with HSV-1. Then, the
expression level of BACH1 was measured by western blotting.
As shown in Fig. 2E-G, the BACH1 protein level was decreased in
hemin-treated cells. To test the effect of hemin on HSV-1
replication, HEK293T cells, MCA205 fibrosarcoma cells and B16
melanoma cells were incubated with 20 uM hemin and infected
with HSV-1. HSV-1 replication was increased with hemin treatment
compared to control treatment. These results indicated that hemin
increased the replication of HSV-1 by promoting BACH1 degrada-
tion (Fig. 2E, G).

BACH1 represses the transcription of ICP4, ICP27, and UL39
As a transcription factor, BACH1 usually interacts with MAFK to
suppress the transcription of target genes, such as HO-1 [36]. We
investigated whether BACH1-mediated inhibition of HSV-1 repli-
cation was dependent on MAFK. We knocked down MAFK in
HEK293T cells with shRNA sequences against MAFK (Fig. S1A) and
found that HSV-1 replication in the MAFK-knockdown cells was
similar to that in control cells (Fig. S1B). Furthermore, the MAFK-
knockdown cell line was transfected with GFP and BACH1
plasmids and then infected with HSV-1. BACH1 overexpression
still inhibited HSV-1 replication in the MAFK-knockdown cell line
(Fig. S1C). These results indicated that BACH1 inhibited the
replication of HSV-1 in a MAFK-independent manner.

SPRINGER NATURE

Next, we investigated whether BACH1 inhibited the replication of
HSV-1 by repressing the transcription of viral genes. We performed a
search for BACH1-binding sequences in the genome of HSV-1 strain
F (GenBank accession no. GU734771.1) and found five viral gene
promoters (ICP4, ICP27, UL11, UL36, and UL39) containing potential
BACH1-binding sequences (Fig. 3A). To study whether BACH1
represses the expression of these genes, we detected the mRNA
expression levels of these genes in shNC and shBACH1 HEK293T cells
infected with HSV-1 and found that knockdown of BACH1 increased
the expression of HO-1, ICP4, ICP27, and UL39 but not that of UL11,
UL36, or US6; US6 does not contain a BACH1-binding sequence
(Fig. 3B). Next, we confirmed increased BACH1 occupancy on the
HO-1, ICP4, ICP27, and UL39 promoters but not on the UL11, UL36,
and US6 promoters in HEK293T cells stably expressing BACH1
(Fig. 3C and Fig. S2). To further identify whether BACH1 suppressed
the transcription of these genes via these promoter interactions, the
promoter regions containing the BACH1-binding sequence were
cloned into luciferase reporter vectors, and overexpression of BACH1
significantly decreased the luciferase activity driven by the HO-1,
ICP4, ICP27 or UL39 promoter (Fig. 3D-G) but failed to alter the
luciferase activity driven by the US6 promoter (Fig. 3H). These results
suggested that BACH1 inhibited the replication of HSV-1 by
repressing the transcription of ICP4, ICP27, and UL39.

Loss of Bach1 function promotes the antitumor activity of
HSV-1

As an oncolytic virus, HSV-1 can generate systemic antitumor immune
responses [37]. Therefore, we anticipated that Bach1 deficiency would
further enhance the antitumor activity of HSV-1 by increasing the
replication of HSV-1. As shown in Fig. 4A, Bachi-deficient MCA205
fibrosarcoma tumors did not show a difference in tumor growth
compared to control cells in the absence of HSV-1 infection, while a
growth delay was detected when MCA205 fibrosarcoma tumors were

Cellular & Molecular Immunology (2022) 19:516 - 526
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Fig.3 BACH1 suppressed the transcription of the viral genes ICP4, ICP27, and UL39 by binding to their promoters. A Alignment of the BACH1-
binding site and promoter sequences of the ICP4, ICP27, UL39, UL11, UL36, and HO-1 genes. B qRT-PCR analyses of RNA from shNC and
shBACHT HEK293T cells infected with HSV-1-Luc for 12 hpi. € BACH1 enrichment in the promoter regions of the ICP4, ICP27, and UL39 genes
assayed by a ChIP-qRT-PCR assay (compared with control IgG binding). HEK293T cells stably transfected with a plasmid containing BACH1 and
infected with HSV-1-Luc for 24 h. The BACH1-DNA complex was precipitated with an anti-BACH1 antibody or control rabbit IgG. The
precipitated DNA was subjected to qRT-PCR. D-H Luciferase activities driven by the HO-1 (D), ICP4 (E), ICP27 (F), UL39 (G) and US6 (H)
promoters in HEK293T cells stably transfected with plasmids containing BACH1 (BACH1) or the empty vector (Vector). Values represent the

mean * SEM of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant; Student’s t test

infected with HSV-1. More importantly, the sizes of Bach1~/~ MCA205
fibrosarcoma tumors injected with HSV-1 were significantly
decreased. Similar results were found in B16-F10 cells (Fig. 4B).
However, injection of HSV-1 into B16-F10 tumors did not significantly
decrease tumor growth, which may be due to the differences
between MCA205 fibrosarcoma cells and B16 cells, and the reasons
need to be further studied.

To determine whether Bachl deficiency increased HSV-1
replication in the above mouse tumor model, Bach?™’~ and
Bach1™* MCA205 fibrosarcoma cells were injected subcuta-
neously into the right flank of immunocompetent C57BL/6 mice.
When the tumor sizes reached ~5x5mm?, 50 pL of 5x 107 pfu
HSV-1 or vehicle was injected into the tumors. At 24h post-
injection, the tumors were harvested, and the genomic DNA of
HSV-1 was extracted to determine the HSV-1 genome copy
number by qPCR. As shown in Fig. 4C, Bachl deficiency still
increased HSV-1 replication in the mouse tumor model.

HSV-1-mediated inhibition of tumor growth is usually accom-
panied by the infiltration of T lymphocytes. We therefore analyzed
tumor-infiltrating T lymphocytes in our mouse model. We
harvested vehicle-treated Bach1™+ MCA205 fibrosarcoma tumors,
HSV-1-treated Bach1™* MCA205 fibrosarcoma tumors, vehicle-
treated Bach1™~ MCA205 fibrosarcoma tumors, and HSV-1-
treated Bach1™~ MCA205 fibrosarcoma tumors at 24 h after the
last treatment with HSV-1. Through FACS analysis, we found no
difference in CD4517CD8" T lymphocyte infiltration between the
vehicle-treated Bach1™" and Bach1™/~ MCA205 fibrosarcoma

Cellular & Molecular Immunology (2022) 19:516 - 526

tumors. However, CD457CD8% T Iymphocyte infiltration was
increased in HSV-1-treated Bach?1™"™ MCA205 fibrosarcoma
tumors compared with vehicle-treated Bach1™* MCA205 fibro-
sarcoma tumors. More importantly, Bach1 deficiency in MCA205
fibrosarcoma cells forming tumors infected with HSV-1 further
increased the infiltration of CD457CD8" T lymphocytes (Fig. 4D
and E). Similar results were found by IFC and ELISpot analyses
(Fig. 4F-I). These experiments demonstrated that Bach1 deficiency
in the context of HSV-1 infection further augmented T lymphocyte
infiltration and antitumor activity.

Bach1 deficiency promotes immunogenic cell death and
antigen presentation induced by HSV-1

To further study how Bachl deficiency increases T lymphocyte
infiltration induced by HSV-1, we first examined the effect of Bach1
deficiency on HSV-1-induced apoptosis and found that HSV-1-
induced cell apoptosis was significantly enhanced in Bachl ™~
MCA205 cells compared with Bach1™* MCA205 cells (Fig. 5A, B).
Then, we detected a series of hallmarks of immunogenic cell death
and found that Bach1 deficiency strongly increased HSV-1-induced
ATP release, calreticulin exposure and HMGB1 secretion (Fig. 5C-F). In
addition, we sought to examine the effect of Bachl deficiency
on antigen presentation induced by HSV-1 with an OT-l mouse
model in which OT-l CD8" T cells can specifically recognize an
ovalbumin peptide and become activated. We found that HSV-1
infection significantly increased the secretion of IFN-y from OT-l
CD8™ T cells in the presence of OVA-expressing Bach1~'~ MCA205

SPRINGER NATURE
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Fig.4 Loss of Bach1 function enhances the oncolytic effect of HSV-1. A and B Bach1™" and Bach1 ™~ MCA205 cells (A) and B16 cells (B) were
injected subcutaneously (s.c.) into the right flank of naive C57BL/6 mice. When the tumor size reached approximately 25 mm?, the tumors
were treated by intratumoral injection of 50 pL of 5 x 107 pfu/mL HSV-1 or vehicle every other day for a total of four times (arrows). Tumor
growth was monitored 3-4 times per week. Each group contained at least five mice. Quantitative data are reported as the mean + SEM; *P <
0.05, **P < 0.01, ***P < 0.001 by the Mann-Whitney U test. C Twenty-four hours after the first HSV-1 injection, we extracted genomic DNA from
MCA205 tumors, which was used to quantify HSV-1 genomic DNA by gqRT-PCR. Each group contained five mice, and quantitative data are
reported as the mean + SEM; *P < 0.05 by Student’s t test. D-1 Twenty-four hours after the last HSV-1 injection, MCA205 tumors were harvested
and processed to detect the indicated proteins by flow cytometry (D and E), immunofluorescence microscopy (F and G) and IFN-y ELISpot (H
and I). D and E Representative flow cytometry graphs showing the percentages of tumor-infiltrating CD457CD8" T cells (D) and statistical data
(E). Each group contained at least three mice, and quantitative data are reported as the mean + SEM; **P < 0.01, ***P < 0.001 by Student’s t test.
F and G Representative immunofluorescence staining images of CD8™ T cells (F) and statistical data (G). Each group contained four mice, and
quantitative data are reported as the mean + SEM; ***P < 0.001 by Student’s t test. H and | Quantification of IFN-y T cells from MCA205 tumors
represented by images of IFN-y T cells (H) and statistical data (I). Each group contained three mice, and quantitative data are reported as the
mean = SEM; **P < 0.01, ***P < 0.001 by Student’s t test

cells compared with OVA-expressing Bach1™* MCA205 cells
(Fig. 5G-I). These experiments demonstrated that Bach1 deficiency
enhanced immunogenic cell death and antigen presentation
induced by HSV-1.

Combination treatment with hemin and HSV-1 significantly
activates the antitumor immune response

Hemin, an FDA-approved drug, has been shown to degrade BACH1
in vitro. To test its effect on BACH1 in vivo, we injected MCA205

SPRINGER NATURE

fibrosarcoma or B16 cells subcutaneously into C57BL/6 mice and
treated the mice with or without hemin daily by intraperitoneal
injection. When the tumor size reached ~5 x 5 mm?, 50 uL of 5 x 10’
pfu HSV-1 was injected into the tumors. At 24 h post-injection, the
tumors were harvested. As shown in Fig. 6A, the expression level of
BACH1 was reduced in tumors treated with hemin.

We then investigated the effect of hemin on antitumor activity
induced by HSV-1. As shown in Fig. 6B, MCA205 fibrosarcoma cells
treated with hemin did not show a significant difference in growth
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Fig. 5 Bach1 deficiency promotes immunogenic cell death and antigen presentation induced by HSV-1. A and B Bach1™* and Bach1~/~
MCA205 cells were infected with HSV-1 at a multiplicity of infection of 1 or left uninfected for 48 h, and apoptosis was assessed through
staining with Annexin V and DAPI. Representative flow cytometry graphs are shown in (A), and a quantitative summary is shown in (B).
C Bach1™* and Bach1™~ MCA205 cells were infected with HSV-1 at a multiplicity of infection of 1 or left uninfected for 24 h, and the
supernatants were harvested. Extracellular ATP was quantified with the ENLITEN ATP Assay System. D and E Bach1™* and Bach1™~ MCA205
cells were infected with HSV-1 at a multiplicity of infection of 1 or left uninfected for 36 h, and calreticulin exposure was detected by staining
with an anti-CRT antibody plus DAPI. Representative flow cytometry graphs are shown in (D), and a quantitative summary is shown in (E).
F Bach1*’* and Bach1™~ MCA205 cells were infected with HSV-1 at a multiplicity of infection of 1 or left uninfected for 24 h, and the
supernatants were harvested. The amounts of HMGB1 were measured by HMGB1 enzyme-linked immunosorbent assay (ELISA). G-I Bach1™/+
and Bach1~/~ MCA205 OVA-expressing cells were infected with HSV-1 for 8 h at a multiplicity of infection of 1, and the cells were harvested
and mixed with OT1 cells. Then, IFN-y was quantified. A schematic diagram is shown in (G). Representative images of IFN-y™ T cells are shown
in (H), and statistical data are shown in (I). Values represent the mean + SEM of three independent experiments. **P < 0.01, ***P < 0.001 by
Student’s t test

compared to control-treated cells. However, when hemin was
combined with HSV-1 to treat MCA205 fibrosarcoma cells, hemin

50 L of 5x 107 pfu HSV-1 or vehicle was injected into the tumors.
The tumors were harvested at 24h after HSV-1 injection for

significantly enhanced the tumor-suppressive effects of HSV-1.
Similar results were found for B16-F10 cells (Fig. 6C).

To determine whether hemin treatment increased HSV-1
replication in the mouse models, C57BL/6 mice were injected with
MCA205 cells or B16 cells and treated with hemin daily bg/
intraperitoneal injection. When the tumor size reached ~5 x5 mm~,

Cellular & Molecular Immunology (2022) 19:516 - 526

genomic DNA extraction, and the HSV-1 genome copy number
was measured by gPCR. As shown in Fig. 6D, E, hemin treatment
increased HSV-1 replication in the mouse models.

We also wanted to know whether this tumor growth inhibition
was accompanied by changes in T lymphocyte infiltration.
Through FACS analysis, we found that HSV-1 infection significantly
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Fig. 6 Combination treatment with hemin and HSV-1 further activates the antitumor immune response. A Representative western blot
showing the relative expression of BACH1 in tumor lysates treated with hemin or vehicle and infected with HSV-1. Mice were injected with
MCA205 cells and B16 cells subcutaneously and treated with 50 mg/kg hemin daily by intraperitoneal injection. 50 pL of 5 x 107 pfu/mL HSV-1
was injected when the tumor size reached ~25mm? Twenty-four hours after the HSV-1 injection, the tumors were harvested, and
the expression levels of BACH1 were determined by western blotting. The experiments were repeated twice with similar results. B and
C Tumor growth of MCA205 cell (B) and B16 cell (C) xenografts treated with 50 mg/kg hemin daily by intraperitoneal injection and/or 50 pL of
5x 107 pfu/mL HSV-1 or vehicle every other day for a total of four times (arrows) by intratumoral injection beginning when the tumor size
reached ~25mm? Tumor growth was monitored 3-4 times per week. Each group contained at least five mice, and the results are
representative of two independent experiments. Quantitative data are reported as the mean = SEM; *P < 0.05, **P < 0.01, ***P < 0.001 by
the Mann-Whitney U test. D and E Twenty-four hours after the first HSV-1 injection, we extracted genomic DNA from mice injected with
MCA205 cells and B16 cells and quantified HSV-1 genomic DNA by RT-PCR. Each group contained five mice, and quantitative data are
reported as the mean + SEM; *P < 0.05 by Student’s t test. F-K Twenty-four hours after the last HSV-1 injection, tumors from mice injected with
MCA205 cells were harvested and processed to detect the indicated proteins by flow cytometry (F and G), immunofluorescence microscopy
(H and 1) and IFN-y ELISpot (J and K). F and G Representative flow cytometry graphs of the percentages of tumor-infiltrating CD457CD8™
T cells (F) and statistical data (G). Each group contained at least three mice, and quantitative data are reported as the mean + SEM; **P < 0.01,
***¥P < 0.001 by Student’s t test. H and | Representative immunofluorescence staining images of CD8" T cells (H) and statistical data (I). Each
group contained four mice, and quantitative data are reported as the mean + SEM; ***P < 0.001 by Student’s t test. J and K Quantification of
IFN-y™ T cells from MCA205 tumors. Each well represents one mouse tumor (J), and statistical data are shown (K). Data are represented as the
mean + SEM; *P < 0.05, **P < 0.05, ***P < 0.001

increased CD457CD8' T lymphocyte infiltration in MCA205 results were found by IFC and ELISpot analyses (Fig. 6H-K). From
fibrosarcoma tumor tissues and that hemin treatment further these results, we concluded that hemin treatment could enhance
enhanced CD457CD8" T lymphocyte infiltration in MCA205 CD457CD8" T lymphocyte infiltration and antitumor activity
fibrosarcoma tumors infected with HSV-1 (Fig. 6F, G). Similar induced by HSV-1.
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DISCUSSION

There are various immunotherapeutic approaches for cancer
treatment, such as anti-PD-1/PD-L1, CAR-T cell, and oncolytic virus
therapies [1]. Among these, oncolytic virus therapy has become a
promising therapeutic approach because it can alter the tumor
microenvironment [9, 10]. Talimogene laherparepvec (T-VCE) is
the first-in-class oncolytic agent that was approved in 2015 by the
US Food and Drug Administration for metastatic melanoma. In a
clinical study involving four European countries, it was reported
that 26 (55.3%) patients had no remaining injectable lesions after
receiving T-VEC as their first-line therapy [38]. At the Netherlands
Cancer Institute, a total of 93 patients with stage IlIB-IVM1a
melanoma were treated with T-VEC between December 2016 and
January 2020, and 51% of the patients achieved a durable
response [39]. However, for those who did not respond to T-VEC
treatment, we speculated that one of the reasons might be low
replication of the virus in the tumors. Therefore, it is important to
improve the replication capability of this oncolytic virus in tumors
to further increase treatment efficacy. In this study, we not only
identified BACH1 as a novel antiviral ISG that can inhibit HSV-1
replication by repressing the transcription of ICP4, ICP27, and
UL39 but also, more importantly, demonstrated that hemin, an
FDA-approved drug with the ability to degrade BACH1, sig-
nificantly enhanced the HSV-1-mediated antitumor immune
response.

Our functional screens of 288 ISGs identified 8 ISGs with antiviral
activity in HSV-1 infection. Some of these ISGs such as IRF1, CH25H,
IFITM3, and IFIHT have been reported to suppress the replication of
HSV-1. However, others such as BIRC6, TMEM171, and PEX26 have
not been shown to inhibit HSV-1 replication [21, 22, 25, 40].
Therefore, further studies are needed to elucidate the mechanisms
by which these ISGs inhibit HSV-1. T-VEC, which is used in the clinic,
does not contain the ICP34.5 gene, which can interact with TBK-1
and result in the inhibition of IRF3 activation [41]. Therefore, some
other ISGs that have activity against T-VEC but not HSV-1 may have
been omitted in our screening experiments.

As a transcriptional regulator, BACH1 usually interacts with MAFK
to suppress gene expression [26], especially in the contexts of
oxidative stress and heme homeostasis, in which the BACH1 and
MAFK complex binds to the promoter of target genes, such as HO-1.
After binding to the target gene promoter, BACH1 suppresses gene
transcription. In our study, we found that the BACHI-mediated
inhibition of HSV-1 replication was independent of MAFK. Further-
more, we demonstrated that BACH1 bound to the promoters of
HSV-1 viral genes such as ICP4, ICP27, and UL39 and repressed gene
expression, which led to reduced HSV-1 replication. However, our
studies could not exclude the involvement of other targets of
BACH1 in HSV-1 replication.

Recently, it was reported that Nectin-1 expression increased the
susceptibility of malignant melanoma to an oncolytic herpes
simplex virus in vitro and in vivo by promoting the entry of the
oncolytic herpes simplex virus and could serve as a biomarker for
T-VEC-induced melanoma regression [42]. In our studies, we also
demonstrated that BACH1 deficiency could enhance HSV-1-
mediated antitumor activity. One possible mechanism underlying
this enhanced antitumor activity is the increased HSV-1 replication
in Bach1~’~ tumors compared with that in Bach1™" tumors. In
addition, we also observed increased apoptosis, ATP release,
calreticulin exposure, HMGB1 secretion and antigen presentation
in Bach1™'~ MCA205 cells compared to Bach1*’* MCA205 cells
after HSV-1 infection. Furthermore, loss of BACH1 function
increased the infiltration of T lymphocytes, including IFN-y-
positive T cells, after intratumoral injection of HSV-1. It is possible
that these events are all interrelated and together change the
tumor microenvironment, resulting in stronger antitumor immu-
nity. However, the increased population of infiltrating T lympho-
cytes may not contain only tumor-specific T cells. Some of these
cells may be virus-specific T cells. Therefore, further studies are
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needed to determine the antigen specificity of these infiltrating
T cells. In the B16 mouse model, we found that HSV-1 infection did
not significantly reduce tumor size. This may be the result of a
difference between tumors, but the specific mechanism is
currently unclear.

Recently, combining oncolytic viruses with other immunotherapies,
such as an anti-PD-1 antibody or anti-CTLA4 antibody, was shown to
significantly increase the efficacy of the oncolytic viruses [37, 43, 44].
This is because oncolytic virotherapy can increase T cell infiltration,
but reactive expression of PD-1 inhibits the function of these T
lymphocytes, and this inhibition can be overcome by using an anti-
PD-1 antibody. After oncolytic virotherapy and anti-PD-1 therapy are
combined, tumor antigen-specific T lymphocytes are further stimu-
lated, leading to an improved antitumor response. Our studies have
validated the possibility of using two FDA-approved drugs, hemin and
T-VEC, as a combination therapy against cancers. Hemin can induce
the nuclear export of BACH1 and promote BACH1 ubiquitination and
proteasomal degradation [33, 45]; therefore, it can regulate the
expression levels of BACH1. When we treated HEK293T cells with
hemin, the levels of BACH1 decreased, and the replication of HSV-1
increased. More importantly, when we treated mice with hemin
combined with HSV-1, significant inhibition of tumor growth was
observed, and T lymphocyte infiltration was also increased. However,
in our study, we used HSV-1 instead of T-VEC. Future studies are
needed to determine the effect of combined treatment with hemin
and T-VEC on tumors in mouse models and, more importantly, the
clinical applicability of this combination therapy.

MATERIALS AND METHODS

Cell lines, virus, and reagents

MEFs were isolated from Day 13.5 to 14.5 Balb/c mouse embryos. HEK293T,
Vero and MCA205 fibrosarcoma cells were cultured in Dulbecco’s modified
Eagle’s medium containing L-glutamine (DMEM) (Gibco). B16-F10 cells
were cultured in RPMI 1640 medium (Gibco). All the media were
supplemented with 10% fetal bovine serum (Gibco) and 100 U/mL
penicillin-streptomycin (Gibco). All cell lines were incubated at 37 °C in
5% CO,. HSV-1 (strain F) was propagated in Vero cells and titrated as
described previously [46]. T-VEC was purchased from ORIENGENE (Beijing,
China). Hemin (MedChemExpress, HY-19424) was dissolved in 20 mM
NaOH, and the solution was adjusted to pH 7.5. Then, the hemin solution
was filtered using 0.22 um filters for in vitro assays and mouse treatments.

HSV-1 screening

HEK293T cells were plated in a 96-well plate treated with poly-L-lysine
solution (Sigma, P4707). Individual ISG expression plasmids were
transfected with Lipo3000 (Invitrogen, L3000015) for 36 h. Cells were
infected with HSV-1-Luc at a multiplicity of infection (MOI) of 0.25 for 1h
and lysed in 1x passive lysis buffer (Promega, E1941) at 12 hpi. Then,
luciferase activity was measured with a firefly luciferase substrate kit
(Promega, E1960).

Detection of the HSV-1 genome copy number

HEK293T cells were plated in 24-well plates treated with poly-L-lysine
solution. Individual ISG expression plasmids were transfected with
Lipo3000 for 36 h. Cells were infected with HSV-1-Luc at a MOI of 0.25
for 1 h. Genomic DNA was extracted at 24 hpi using a TIANamp Genomic
DNA Kit (TIANGEN, DP304-03), and the HSV-1 genome copy number was
quantified with gPCR. To quantify the HSV-1 genome copy number in
tumors, HSV-1 was intratumorally injected into tumors. After 24 h of HSV-1
infection, the tumors were harvested. Genomic DNA was extracted using a
TIANamp Genomic DNA Kit, and the HSV-1 genome copy number was
quantified with qPCR.

Plaque assa

In total, 2 X 10” Vero cells were seeded in 12-well plates. Supernatants from
HSV-1-infected cells were serially diluted and used to infect the Vero cells
for 1h. The cells were then covered with DMEM containing 1% low-
melting agarose (VWR LIFE SCIENCE, 0815-100 G) and 2% FBS. Viral plaques
were counted after 72 h.
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Construction of stable cell lines

The shRNA sequences targeting human BACH1 (forward: 5-GCCTTAAT-
GACCAGCGGAAGA,; reverse: 3/-TCTTCCGCTGGTCATTAAGGC), human MAFK
(forward:  5'-GCTCAGCGATGATGAGCTGGT; reverse: 3'-ACCAGCTCAT-
CATCGCTGAGC) and mouse Bach1 (forward: 5 GGAACTGACAAGATCC-
GAACT; reverse: 3-AGTTCGGATCTTGTCAGTTCC) were cloned into LV2N
(U6/Puro) (Gene Pharma). These plasmids were cotransfected with the
plasmids pMD2.G (Addgene, 12259) and psPAX2 (Addgene, 12260) for 48 h
to produce lentiviruses. Then, the lentiviruses were used to infect target
cells. After 48 h of infection, the cells were selected with puromycin (0.3
pg/mL) for 10 days. To construct knockout cell lines, sgRNA sequences
targeting mouse Bach1 (forward: 5-CACCGGCGGTTCCGAGCCCACCGCT;
reverse: 3’- AAACAGCGGTGGGCTCGGAACCGCC) were cloned into the
vector LentiCRISPR v2 (Addgene 52961). The plasmid was cotransfected
with the plasmids pMD2.G (Addgene 12259) and psPAX2 (Addgene 12260)
for 48 h to produce lentiviruses. Then, the lentiviruses were used to infect
target cells. After 48 h of infection, the cells were selected with puromycin
(04 pg/mL) for 8 days. Single clones were isolated by FACS (Becton
Dickinson, San José, CA, USA) and confirmed by western blotting. To
construct a BACH1-overexpressing cell line, the BACH1 open reading frame
was cloned into the vector pMXslG-IgkFLAG and transfected into
HEK293T cells. After transfection for 48 h, BACH1-overexpressing cells
were sorted by fluorescence-activated cell sorting.

Immunoblotting

Cells and tumors were lysed with RIPA buffer supplemented with a protease
inhibitor cocktail (Roche, 04693132001) at 4°C and quantified with a BCA
Protein Assay Kit (Beyotime, P0011). After quantification, 30 ug of protein was
separated on 10% SDS-PAGE gels. The separated proteins were transferred to
PVDF membranes. Then, the membranes were blocked with 5% nonfat milk
in TBST and incubated with antibodies against BACH1 (Abcam, ab124919),
MAFK (Immunoway, YN2091), actin (Cell Signaling Technology, 8457 S) and
tubulin (Cell Signaling Technology, 2146 S). The secondary antibody used for
western blotting was anti-rabbit IgG (Cell Signaling Technology, 7074 S).
Target proteins were visualized with ECL (Tanon, 180-5001) and scanned with
a ChemiDoc XRS + system (Bio—Rad, USA).

Cell death, CRT exposure, ATP release, and HMGB1 secretion
Cell lines were seeded and infected with HSV-1 for the indicated times.
Early- or late-stage apoptosis was analyzed with DAPI (BBI Life Sciences,
564907) and Annexin V-PE (BD Bioscience, 556421) staining following the
manufacturer’s instructions. Calreticulin exposure was quantified by
surface staining with an Alexa Fluor’ 647-conjugated rabbit anti-
Calreticulin antibody (Abcam, ab196159). Extracellular ATP was quantified
with the ENLITEN ATP Assay System (catalog FF2000, Promega). For the
HMGB1 secretion assay, supernatants were collected and detected with an
HMGB1 ELISA kit (IBL, ST51011).

Antigen presentation

Cell lines were seeded and infected with HSV-1 for the indicated times.
Then, 10° cells/microwell were seeded in ELISpot plates precoated with an
anti-IFN-y capture antibody (BD Biosciences, 551881) and cultured for
18-24h at 37°C in a 5% CO, humidified incubator. After the coculture
period, the plates were washed and incubated with a biotinylated anti-
mouse IFNy detection antibody (BD Biosciences, 551881) for 2 h at RT.
Next, the plates were incubated with an enzyme conjugate for 1 h at RT,
followed by substrate reaction. Finally, the plates were washed to stop the
reaction and dried, followed by scanning and counting with CTL
ImmunoSpot S6 Analyzers (LLC, OH, USA).

Real-time quantitative PCR

Total RNA was isolated with NucleoZol (MN, 740404.200) according to the
manufacturer’s instructions, and ¢cDNA was synthesized with a One Step
PrimeScript RT-PCR kit (TaKaRa, 6110 A). Real-time PCR was carried out
using a LightCycler 96 (Roche) and SYRB Green gPCR mix (Bimake.cn,
B21202). The primer pairs used are shown in Table S1.

Construction of promoter reporter plasmids

The primers used to amplify the promoters of HO-1, ICP4, ICP27, UL39, and
US6 are shown in Table S1. Amplified products were cloned into the
luciferase reporter vector pGL4 (Addgene, E6721) using standard molecular
cloning techniques.

SPRINGER NATURE

Promoter reporter analysis

HEK293T cells stably transfected with pMXslG-IgkFLAG-BACH1 or pMXsIG-
IgkFLAG were transfected with 500 ng of plasmids containing a promoter
reporter and 20 ng of Renilla luciferase-expressing plasmid (pRL-TK; Promega)
using Lipofectin 3000 reagent (Invitrogen). The cells were lysed at 48 h after
transfection, and luciferase activities were assayed using a Dual-Glo assay kit
(Promega). For each lysate, the firefly luciferase activity was normalized to the
Renilla luciferase activity to assess the transfection efficiency.

ChIP-PCR assay

HEK293T cells stably transfected with pMXsIG-IgkFLAG-BACH1 were
infected with HSV-1. At 24 h after infection, the cells were subjected to a
ChIP assay using a method described previously [47, 48]. ChIP-DNA was
immunoprecipitated with an anti-BACH1 (Abcam, ab245548) antibody or
rabbit IgG (Cell Signaling Technology, 2729 S) and subjected to real-time
guantitative PCR. The primers for ChIP-PCR are shown in Table S1.

Tumor model

Female C57BL/6 mice (aged between 6 and 8 weeks) were purchased from
Beijing Vital River Company and were randomly assigned to the indicated
groups. Bach1" and Bach1™~ MCA205 cells and B16 cells were injected
subcutaneously (s.c.) into the right flank of naive C57BI/6 mice. When the
tumor size reached ~25mm?, the tumors were treated by intratumoral
injection of 50 pL of 5 x 107 pfu/mL HSV-1 or vehicle every other day for a
total of four times, and tumor growth was monitored with calipers and
recorded as tumor size (mm?).

For the hemin-treated tumor model, MCA205 cells and B16 cells were
injected subcutaneously (s.c.) into the right flank of naive C57BL/6 mice
that were treated with 50 mg/kg hemin daily by intraperitoneal injection.
When the tumor size reached ~25mm? the tumors were treated by
intratumoral injection of 50 uL of 5x 107 pfu/mL HSV-1 or vehicle every
other day for a total of four times, and tumor growth was monitored with
calipers and recorded as tumor size (mm?). All animal experiments were
approved by the Institutional Animal Care and Use Committee (IACUC) of
the Suzhou Institute of Systems Medicine (ISM-IACUC-0019-R).

Immune cell isolation and flow cytometry analysis

Tumors were harvested from mice 24 h after the fourth intratumoral
injection of HSV-1 and digested into a single-cell suspension with 200 U/
mL DNase | (Calbiochem, San Diego, CA, USA) and 0.4 Wiinsch units/mL
Liberase TL (Roche, Mannheim, Germany) at 37°C for 30 min. The cell
suspension was filtered through 70 pm cell strainers, followed by staining
with fluorophore-labeled antibodies against vivid yellow (Invitrogen,
L34959), CD8 (BioLegend, 100708), and CD45.2 (BioLegend, 109814) at
4°C for 25 min. Then, the cells were detected on an Attune NxT flow
cytometer (Thermo Fisher Scientific) and analyzed with FlowJo software
(TreeStar, Inc., Ashland, OR, USA).

Immunofluorescence staining

Tumors were harvested from mice at 24 h after the fourth intratumoral
injection of HSV-1 and fixed with 4% polyformaldehyde for 4 h at room
temperature (RT) or overnight at 4°C. The fixed tumor tissues were
transferred to a 30% sucrose solution (in 1x PBS) for 24 h and embedded in
OCT. Then, the tumor tissues were frozen at —20 °C. Frozen tissue sections
(5 um) were obtained with a CM1950 cryostat (Leica Biosystems) and then
adhered to slides. For immunofluorescence staining, frozen sections were
recovered to RT and washed three times. Then, the sections were fixed in
2% polyformaldehyde for 15 min and washed three times. After fixation,
the sections were permeabilized with 0.5% Triton X-100 for 5 min and
washed three times. After permeabilization, the sections were blocked with
10% FBS for 1h and subsequently incubated with anti-CD8a antibodies
(Abcam, ab217344) at 4 °C overnight. After three thorough washes, the
sections were incubated with Alexa488-conjugated goat anti-rabbit IgG
(Thermo Fisher Scientific, A-11008) for 1 h at RT. The sections were then
washed three times and stained with Hoechst 33258 (Thermo Fisher
Scientific, H3569) for 5 min at RT. Images were captured with a confocal
microscope (Leica TCS SP8, installed at the Suzhou Institute of Systems
Medicine, China) and analyzed with Image)J software.

Enzyme-linked immunospot (ELISpot) assay
Tumors were harvested from mice at 24 h after the fourth intratumoral
injection of HSV-1 and digested into a single-cell suspension. Then, 10°
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cells/microwell were seeded in ELISpot plates precoated with an anti-IFN-y
capture antibody (BD Biosciences, 551881) and cultured for 18-24 h at
37°Cin a 5% CO, humidified incubator. After the coculture period, the
plates were washed and incubated with a biotinylated anti-mouse IFNy
detection antibody (BD Biosciences, 551881) for 2 h at RT. Next, the plates
were incubated with an enzyme conjugate for 1h at RT, followed by
substrate reaction. Finally, the plates were washed to stop the reaction
and dried, followed by scanning and counting with CTL ImmunoSpot”
S6 Analyzers (LLC, OH, USA).

Statistical analysis

Results are presented as the mean + SEM. The significance of differences
between groups was detected by an unpaired, two-tailed Student's t test.
Tumor growth curves were compared by the Mann-Whitney U test.
Statistical analyses were performed using Prism 5 software (GraphPad) or
Excel 2007 (Microsoft). A P value of <0.05 was considered statistically
significant.
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