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Immunotherapies, such as immune checkpoint inhibitors (ICIs)
and chimeric antigen receptor-T (CAR-T) cells, are only efficient
in a small proportion of tumor patients. One of the major rea-
sons for this is the lack of immune cell infiltration and activation
in the tumor microenvironment (TME). Recent research re-
ported that abundant bystander CD8" T cells targeting viral an-
tigens exist in tumor infiltrates and that virus-specific memory
T cells could be recalled to kill tumor cells. Therefore, virus-spe-
cific memory T cells may be effective candidates for tumor
immunotherapy. In this study, we established subcutaneous tu-
mor mice models that were pre-immunized with Vaccinia virus
(VV) and confirmed that tumor cells with ectopic expression of
the viral B8R protein could be recognized and killed by memory
T cells. To create a therapeutic delivery system, we designed a re-
combinant adeno-associated virus (rAAV) with a modified tu-
mor-specific promoter and used it to deliver VV B8R to tumor
cells. We observed that rAAV gene therapy can retard tumor
growthin VV pre-immunized mice. In summary, our study dem-
onstrates that rAAV containing a tumor-specific promoter to
restrict VV B8R gene expression to tumor cells is a potential ther-
apeutic agent for cancer treatment in VV pre-immunized or VV-
treated mice bearing tumors.

INTRODUCTION

Cancer remains a major public health problem worldwide and a lead-
ing cause of death despite numerous efforts to address prevention and
control.! While surgery, radiotherapy, and chemotherapy remain the
standard of care for most cancers, gene therapy and immunotherapy
are emerging as powerful new therapeutics and have achieved
extraordinary outcomes in the past 3 decades.”

During gene therapy protocols, functional genes are delivered into
cells of a patient to correct a genetic error or provide a new function
to the cell. Gene therapy was initially developed to treat inherited ge-
netic diseases, but more recently, a role has emerged for treatment of
cancer.” More than two-thirds of the clinical and preclinical gene
therapy approaches have now been applied to cancer. Based on tar-
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gets, cancer gene therapy can be classified into two types. Molecular
targets consist of tumor-suppressor gene therapy, down-regulation
of oncogenes, and manipulating drug effects. Immunological targets
include passive and active immune modulation.* Passive immune-
modulation strategies involve the transfection of immune effector
cells with cytokine genes to enhance their cytotoxicity to tumor cells.
Active immune-modulation strategies involve the genetic modifica-
tion of tumor cells by transfection of cytokine genes or tumor antigens
to more potently activate immune responses.™

Targeting T cell immunotherapies, such as immune checkpoint in-
hibitors (ICIs) or chimeric antigen receptor-T (CAR-T) therapy,
have emerged as an important treatment modality and have shown
promising results in some patient groups. However, limitations to
these treatments exist. CAR-T therapies for solid tumors are
hampered by toxicity, a lack of tumor antigen candidates, and an im-
mune-suppressive tumor microenvironment (TME) that prevents
infiltration and effective activation of CAR-T cells.” ICI strategies
also fail due to a lack of T cell infiltration and activation.” Many pa-
tients present with “cold tumors” that harbor an immunosuppressive
microenvironment not conducive to T cell activation, and these pa-
tients will fail to respond effectively to ICIs.”

Recent research has suggested that there are abundant bystander CD8*
T cells in tumor infiltrates and most of these T cells target viruses.'’
Theoretically, these virus-specific T cells are great candidates for in
situ tumor treatment if tumor cells can present viral antigens. Several
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research groups have developed different methods of presenting viral
antigens in tumor cells to activate the virus-specific T cells to target tu-
mor cells, and these methods have shown significant efficacy for tumor
"> One method reported the use of antibody-targeted,
pathogen-derived peptides (ATPP) in which tumor-cell-specific anti-
bodies are used to deliver immunogenic T cell epitopes into the major
histocompatibility complex (MHC) class I molecules on the tumor’s cell
surface.'! However, this method has disadvantages: ATPP cannot
target all tumor cells because there are rare tumor-cell-membrane-spe-
cific antigens and ATPP may be taken up by normal cells, leading to oft-
target effects. Another method involves repeated intra-tumoral (it.)
injection of viral peptides to activate virus-specific memory T cells to
target tumor cells;'> however, the feasibility and safety of repeated i.t.
peptide delivery in the clinical setting needs further investigation, and
viral peptides have to be matched to the patient histocompatibility
leukocyte antigen (HLA) type.

treatment.

Here, we chose to activate Lister strain Vaccinia virus (VV)-specific
memory T cells as a mechanism of tumor elimination because the
Lister strain VV was used extensively in the UK, Africa, Asia, and
Oceania during the smallpox eradication campaign.'>'* The small-
pox vaccine induces virus-specific memory T cells that can last for de-
cades, and these memory T cells can self-renew without stimulation
by virus antigens.” We found that ectopic expression of the most
immunogenic gene of VV (B8R) in tumor cells can antagonize tumor
growth in VV pre-immunized mice.

In order to conquer the disadvantages of previous methods for virus
antigen presentation in tumor cells, we used recombinant adeno-
associated virus (rAAV) to deliver the viral B8R gene to tumor cells.
AAV is a single-stranded DNA virus that can infect both dividing and
non-dividing cells.'"® rAAV has been extensively explored as a gene
therapy vector, as it encompasses a number of features that suit this
objective, including non-pathogenicity, broad host tissue range, and
long-term transgene expression.'” However, the wide host range of
AAV can increase side effects of tumor treatment.'® One way to
address this problem is to use a tumor-specific promoter in the
AAV vector design. Telomerase reverse transcriptase (TERT), which
is required for elongation of telomeres, is highly expressed and acti-
vated in more than 90% of tumor cells, but not in normal healthy
tissues.'”** Many factors were reported that can influence the activity
of TERT promoter, such as a c-Myc binding site,”' point mutation in
TERT promoter,”” and presence of an antioxidative response element
(ARE).” We combined all these features to create a potent promoter
that is tumor-cell-specific (termed the ATM promoter). We con-
structed a rAAV with the ATM promoter to express the VV B8R
gene specifically in tumor cells and activate VV-specific memory
T cells to antagonize cancer growth and eliminate tumors.

RESULTS

Vaccinia virus pre-immunization enhances the antitumor
efficacy of oncolytic VV

We used Vaccinia virus VVLATKANI1L-RFP (referred to from now
on as VV) as previously reported”* for both pre-immunization and

i.t. therapeutic injection. In order to visualize whether VV-specific
memory T cells can elicit an antitumor effect, we pre-immunized
mice by intramuscular (i.m.) injection of VV or PBS and then inocu-
lated the pancreatic cancer cell line DT6606 subcutaneously 4 weeks
after immunization (Figure 1A). After the tumor volume reached
100 mm?, we treated mice by i.t. injection of VV and found tumor
growth rate was reduced in the VV pre-immunized group compared
with the PBS pre-immunized group (Figure 1B), and VV pre-immu-
nization resulted in a higher percentage of tumor-free mice after ther-
apeutic intervention with VV (44% versus 22%; Figure 1C). The levels
of tumor-infiltrated CD4- and CD8-positive T cells in the VV pre-
immunized group were higher compared with the PBS pre-immu-
nized group (Figures 1D and 1E). VV pre-immunization did not
cause non-specific effects to VV-untreated tumors. We compared
DT6606 tumor cell growth rate in VV pre-immunized mice and
PBS immunized mice and found no significant difference (Figure 1F).
These results suggested that VV-specific memory T cells can be acti-
vated quickly and recruited to the site of VV infection to regress tu-
mor growth.

Although VV it. injection regressed tumor growth rate, the effect was
modest after 20 days of VV injection (Figure 1B). We speculate that
the reason for the modest effect may be due to the low infection effi-
ciency of VV in tumor cells, coupled with immune-mediated clear-
ance of VV in tumors after 20 days (Figure SI).

Ectopic expression of VV B8R protein can delay tumor growth in
VV pre-immunized mice

In order to identify immunogenic VV genes that can be used for tumor
gene therapy, we immunized mice using VV and then stimulated sple-
nocytes from these mice ex vivo with previously reported immuno-
genic peptides derived from K3L, B2R, B8R, A8R, and A3L of vv.2®
These peptides were determined to be immunogenic in the Western
Reserve (WR) VV strain. Both WR and Lister VV strains can be
used for tumor therapy, but they have different immunogenicity.*®
Through comparisons of the genomes of WR with Lister strain viruses,
we found they were also present in the Lister strain with the same pre-
dicted sequence and function. Through interferon (IFN)-y ELISA
assay, we identified that the B8R peptide was the most immunogenic
peptide of the Lister VV strain (Figure 2A). i.t. injection of VV (daily
for 5 days) enhanced the CD3" T cell, CD8" T cell, and B8R-specific
CD8" T cell infiltration into the tumor, and this effect was greater in
pre-immunized compared with naive mice (Figures 2B-2D). These re-
sults suggested that ectopic expression of B8R in tumor cells may
contribute to the enhanced antitumor efficacy of VV in VV pre-immu-
nized mice.

In order to detect whether B8R expression in tumor cells can trigger
VV-specific memory T cells to eliminate tumor cells, we constructed a
DT6606 cell line that stably expressed VV-B8R through lentivirus
infection (Figure 2E). Compared with control lentivirus-infected
DT6606 cells (DT6606-control), overexpression of B8R did not influ-
ence the growth rate of DT6606 cells (DT6606-B8R) either in vitro
(Figure 2F) or in vivo (Figure 2G). We pre-immunized mice with
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Figure 1. Vaccinia virus pre-immunization enhances
the antitumor efficacy of oncolytic VV

(A) Schematic of the experimental setup. For pre-immu-
nization, C57/BI6 mice were immunized using 100 pL
PBS or W atan MOI of 5 x 10° PFUs/mouse through i.m.
injection twice with a 2-week interval. Four weeks after VW
or mock immunization, 1 x 10° DT6606 cells were inocu-
lated into the flanks of the mice. About 10 days later, once
the volume of the tumor reached 100 mm?3, 100 pL PBS or
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curve is shown (n = 9/group). Mice were treated as
described in (A). Tumor growth was monitored twice per
week, and mean tumor volume + SEM was shown. (C)
The percentage of tumor-free mice at the experimental
endpoint in indicated groups is shown. Mice were treated
as described in (A). (D) IHC analysis of CD4* and CD8"
T cells in tumor tissues of treated mice 7 days after VW
i.t. injection is shown. Magnification 400x is shown.
Mice were treated as described in (A). (E) CD4* T cells
and CD8" T cells were quantified in each group (n =
3/group). Ten high-power fields (HPFs) were counted in
each mouse. The average positive cell number/HPF was
calculated, and the mean + SEM is shown. (F) Mice
were pre-immunized by PBS or VV as described in (A).
Four weeks after pre-immunization, 1 x 10° DT6606-con-
trol cells (DT6606 cell infected by empty lentivirus vector)
were inoculated into the flanks of the mice. Tumor volume
was monitored every 3 days and tumor growth was re-
corded. *p < 0.05, **p < 0.01, and **p < 0.001.
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VV, and 4 weeks later, we inoculated DT6606-control and DT6606-
B8R cells subcutaneously. After pre-immunization, the tumor growth
rate of DT6606-B8R cells was significantly slower than that of
DT6606-control cells (Figure 2H). These results indicated that ectopic
expression of B8R in tumor cells can regress tumor growth in VV pre-
immunized mice.

Of note, splenocytes from PBS pre-immunized mice + VV-i.t. treat-
ments and splenocytes from VV-pre-immunized + VV-i.t. treatment
were able to kill B8R-negative DT6606 cells ex vivo through stimula-
tion using a B8R peptide or heat-inactivated VV (Figures S2B and
S2C). This cytotoxicity is tumor cell specific, as the splenocytes
from VV pre-immunized + VV-it. treatment could only kill
DT6606 cells and not unrelated KYSE180 cells (Figure S2D). This
demonstrates that our vaccination strategy triggered cytotoxicity to-
ward cells expressing epitopes other than B8R, likely through antigen
spreading.

rAAV with a robust tumor-cell-specific promoter can be used to
deliver B8R for expression in tumor cells in vivo

Having demonstrated the potential of B8R as a therapeutic molecule
for cancer in VV pre-immunized mice, we next sought to create an
AAV-based vector to deliver the B8R gene for expression in tumor
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Days after subcutaneous inoculation

cells. Previous research has reported that different AAV serotypes
show different levels of infectivity to various tissues.”” Analysis of
different AAV serotype infectivity in a panel of tumor cells indicated
that rAAV6 could infect B16 cells most efficiently, whereas rAAV2
could infect DT6606 cells most efficiently compared with other
AAV serotypes (Figure 3A), suggesting the rational selection of the
appropriate serotype of rAAV to target specific tumor cells.

In order to express the B8R protein only in tumor cells, we synthe-
sized a new telomerase-based, tumor-cell-specific promoter, termed
ATM, based on literature regarding sequence alterations that enhance
promoter activity.”>*> The ATM promoter was composed of an anti-
oxidant response element (ARE), a human telomerase reverse tran-
scriptase (hTERT) promoter with C to T mutation at nucleotide
—124 site and a c-Myc binding sequence (Figure 3B). We constructed
a TAAV vector containing the ATM promoter (Figure 3C) and
compared its expression intensity with the broad-spectrum CB
(chicken B-actin promoter plus cytomegalovirus enhancer) promoter
in immortalized 293T cells, the human esophageal squamous carci-
noma cell line SBRC-EC01, and the mouse melanoma cell line B16
through plasmid transfection. We found the expression intensity
was similar between the two plasmids with different promoters in
these cell lines (Figure 3D).
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Figure 2. Ectopic expression of the VV-B8R protein can delay tumor growth
in VV pre-immunized mice
(A) ELISA detection of IFN-y release in splenocytes of VV immunized mice and
naive mice that were stimulated by different VV peptides. Mice were immunized
with VW at an MOI of 5 x 10° PFUs/mouse (immunized group) or left unimmunized
(naive group) and sacrificed 2 weeks later. Splenocytes were co-cultured with indi-
cated peptides for 72 h, and IFN-y level in the supernatants was detected by
ELISA. The ELISA assay was repeated three times, and the mean + SEM was
shown. (B-D) The proportion of CD3* T cells (B), CD8* T cells (C), and B8R*
T cells (D) in tumors of indicated mice groups is shown; n = 3/group. Mean +
SEM is shown. Mice were treated as described in Figure 1A. (E) gPCR detection
of B8R mRNA levels in DT6606-control and DT6606-B8R cell lines is shown. (F)
Cell growth rate of DT6606-control and DTE606-B8R cell lines in vitro is shown.
We seeded 5 x 10 cells in each well in a 96-well plate, and cell growth was moni-

We next packaged different serotypes of rAAV-ATM-EGFP/lucif-
erase and rAAV-CB-EGFP/luciferase to detect the tumor specificity
of the ATM promoter both in vitro and in vivo. For in vitro detection,
we used rAAV2-ATM/CB-EGFP to infect human hepatocytes differ-
entiated from induced pluripotent stem cells (iPSCs) and found that
only the CB promoter triggered EGFP expression in hepatocytes,
although cell-genome PCR analysis showed that both rAAVs infected
hepatocytes efficiently (Figure 4A). We then used the appropriate se-
rotypes of rAAVs (as determined in Figure 3A) to infect DT6606 and
B16 cells and found that both the CB and ATM promoters could
trigger EGFP expression in these tumor cell lines. As expected, the
proportion of EGFP-positive cells decreased along with cell division
(Figures 4B and 4C). To investigate tumor specificity in vivo, we pack-
aged different rAAV viruses as indicated in the Figures 4D-4G and
infected mice by intravenous (i.v.) or it. injection. Consistent with
previous reports, we observed a level of hepatocyte-tropism after
i.v. injection (Figure S3). Through in vivo imaging, we found that
only the CB promoter could trigger reporter gene luciferase expres-
sion in the liver of wild-type mice after iv. injection (Figure 4D),
although liver tissue genome PCR analysis showed that both rAAVs
infected liver tissues successfully (Figure 4E). Both the CB and ATM
promoters could trigger luciferase expression in subcutaneous tumors
after i.t. injection (Figures 4F and 4G). These results suggested that
the ATM promoter can efficiently drive target gene expression specif-
ically in tumor cells and thus is a promising promoter for tumor-spe-
cific gene therapy.

rAAV-mediated B8R expression in tumor cells results in tumor
elimination and inhibition of lung metastasis in tumor-bearing,
VV pre-immunized mice

We established a DT6606 pancreatic cancer subcutaneous tumor
model in immunocompetent mice and pre-immunized the mice
with VV 50 days prior to it. injection of rAAV-ATM-B8R-FLAG.
rAAV-ATM-luciferase-FLAG was used as a control virus. In order
to detect whether rAAV can deliver target genes for expression in tu-
mors efficiently, quantitative PCR (qPCR) and immunohistochem-
istry (IHC) were carried out 21 days after virus injection. Transcrip-
tion and translation of target genes (luciferase or B8R) were detected
in rAAV-infected tumors and not in the PBS control group
(Figures 5A and 5B). In the VV pre-immunized mice, tumor growth
regressed after treatment with either rAAV-ATM-luciferase-FLAG or
rAAV-ATM- B8R-FLAG compared with the PBS group, as both the

tored by IncuCyte Zoom. The percentage of confluence is plotted. (G) Tumor
growth rate of DT6606-control and DT6606-B8R cell lines in C57/BI6 mice is
shown; n = 8/group. We inoculated 1 x 10° tumor cells into 5- to 6-week-old
C57/Bl6 mice subcutaneously, and tumor growth was monitored twice per
week. Mean tumor growth + SEM is shown. (H) Tumor growth rate of DT6606-
control and DT6606-B8R cell lines in VW pre-immunized mice is shown; n =
8/group. For pre-immunization, 3- to 4-week-old C57/BI6 mice were infected
by W through i.m. injection at an MOI of 5 x 10° PFUs/mouse twice with a
2-week interval as previously described. Four weeks after VW immunization,
1 x 10° tumor cells were inoculated to the back of these mice, and tumor growth
was monitored twice per week. Mean tumor growth + SEM is shown. *p < 0.05,
**p < 0.01, and **p < 0.001 between the indicated groups of this figure.
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Figure 3. Construction of a rAAV vector with a novel tumor-cell-specific
promoter

(A Infection efficiency of different serotypes of AAVs to different tumor cell lines,
indicated by the proportion of EGFP-positive cells. B16: mouse melanoma cell line;
DT6606 and TB11381: mouse pancreatic cancer cell line; KYSE510: human
esophageal squamous cell line; SCCVII: mouse squamous cell carcinoma cell line;
KPL160303S: mouse lung cancer cell line. AAV infection MOI = 10° vg/cell. (B) The
DNA sequence of the ATM promoter is shown. Red, ARE sequence; blue, hTERT
promoter sequence from position —441 to —1, yellow-highlighted base indicates
the Cto T mutation at —124 site, and black, c-Myc binding sequence. (C) Schematic
of the rAAV vector inserts used in this manuscript is shown. ITR, inverted terminal
repeat; CB, chicken B-actin promoter plus cytomegalovirus enhancer; ATM, pro-
moter composed of ARE, hTERT promoter, and c-Myc binding site. (D) EGFP
expression in indicated cell lines that were transfected by corresponding AAV
plasmids with different promoters is shown. Magnification 200x is shown.
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luciferase protein and the rAAV vector are known to be immuno-
genic. Importantly, however, the growth rate in the rAAV-ATM-
B8R-FLAG-treated group was significantly lower than that of the
rAAV-ATM-luciferase-FLAG group (Figure 5C). At the experi-
mental endpoint, the tumor volumes in the rAAV2-ATM-B8R-
FLAG treatment group were the smallest among the three groups
(Figure 5D). In both the rAAV-ATM-luciferase-FLAG and rAAV-
ATM-B8R-FLAG group at the experimental endpoint, 37.5% of
mice were tumor free (Figure 5E). Through THC, we observed more
tumor infiltration of CD4" T and CD8" T cells after rAAV infection
compared with the PBS group. Importantly, rAAV2-ATM-B8R-
FLAG treatment resulted in a statistically greater ability to recruit
immune cells compared with PBS and control virus (rAAV-ATM-
luciferase-FLAG)-treated groups (Figures 5F and 5G). Using flow cy-
tometry (FC), we observed more infiltration of CD3"B8R" T cells in
the rAAV-ATM-B8R-FLAG group compared with the PBS and
rAAV-ATM-luciferase-FLAG groups (Figure 5H). These results sug-
gested that rAAV-mediated ectopic expression of B8R in DT6606
cells can promote it. immune activation, including B8R memory
T cells induction, and enhance tumor rejection in a VV pre-immu-
nized DT6606 subcutaneous tumor model.

In order to explore the wider application of this strategy, we also de-
tected the antitumor efficacy of rAAV-ATM-B8R gene therapy for
treatment of B16 subcutaneous tumors in immunocompetent, pre-
immunized mice. i.t. injection of rAAV serotype 6, which is more
effective for B16 cell infection in vitro (Figure 3A), efficiently triggered
target gene expression (luciferase or B8R) in the subcutaneous tumor
(Figure 6A). Interestingly, neither vector was effective at retarding tu-
mor growth in this model (Figure 6B) due to the aggressive growth of
B16. Strikingly, however, lung metastasis from the B16 tumor was in-
hibited by the rAAV6-ATM-B8R-FLAG treatment. Zero of eight mice
in this group demonstrated lung metastasis, while six of eight mice in
the PBS group and five of eight mice in the rAAV6-ATM-luciferase-
FLAG group had lung metastasis (Figures 6C and 6D). These results
suggested that, although rAAV6-ATM-B8R-FLAG was unable to
control primary tumor growth in pre-immunized mice, the remote
metastasis in lung could be inhibited by this therapeutic regime. We
speculate that the differential effect on primary versus metastases
regression may be caused by antigen spreading. The fast growth of
B16 tumor cells and low efficiency of AAV infection caused the less ef-
fect on primary tumor growth. However, antigen release consequent
to the immunogenic cell death of AAV-B8R-infected B16 cells may
trigger further identification of B16 tumor cells via different tumor-
associated or tumor-specific antigens, which may contribute to metas-
tases regression. We also speculate that a memory pool of CD4" and
CD8" T cells may also contribute to metastases regression. However,
the semi-liquid condition of the B16 tumor made detection of immune
subsets difficult. Using a more solid DT6606 tumor model, we
observed that VV pre-immunized mice had the highest number of tu-
mor infiltrating of CD8" effector memory T cells (TEM), but fewer
CD8" central memory T cells (TCM) 21 days after the last VV it. in-
jection (Figure S4), possibly due to a recruitment of TCM as TEM
post-VV treatment.



www.moleculartherapy.org

A (AAV2-CB-EGFP

rAAV2-ATM-EGFP

(9]

a
3
S

W DT6606 24H
W DT660648H
B DT6606 72H
DT6606 96H

3
S

@
S

Fs
k=

20

EGFP positive cells%

20 -

FAAV6-CB-EGFP rAAVG-ATM-EGFP

control control

rAAV2-CB-EGFP rAAV2ATM-EGFP

200

3
3

Relative virus DNA level
a B3
3 8

rAAV2-CB-

rAAV2-ATM-
luciferase

rAAVB-CB-Luciferase rAAV6-ATM-Luciferase

DISCUSSION

In this study, we demonstrated that rAAV-ATM-B8R can deliver the
VV B8R gene efficiently for specific expression in tumor cells and
cause tumor regression in VV pre-immunized mice with subcutane-
ous pancreatic tumors. Although AAV is widely used in tumor gene
therapy,”®*’ to our knowledge, this is the first report that AAV gene
therapy can be used to activate anti-viral memory T cells to target tu-
mor cells. Our results provide evidence that the novel ATM promoter

rAAV2-ATM-luciferase

Figure 4. The ATM promoter is a strict tumor-
specific promoter

(A) Upper: EGFP expression after rAAV infection of human
hepatocytes derived from iPSCs. Cells were infected with
indicated rAAV at an MOI of 1 x 10° vg/cell. Lower: cell
genome PCR of EGFP to detect successful infection by
indicated virus is shown. (B) Proportion of EGFP-positive
DT6606 cells that were infected by indicated rAAVs at an
MOI of 1 x 10° vgs/cell at different time points (24 h, 48 h,

. 516 24H 72 h, and 96 h) after virus infection is shown. n = 3/group.
: :12 ‘7‘2: Mean + SEM is shown. (C) Proportion of EGFP-positive

B16 cells that were infected by indicated rAAVs at a MOI of
1 x 10° vgs/cell at different time points is shown. n =
3/group. Mean + SEM is shown. (D) In vivo imaging to
detect luciferase signals in mice 7 days after infection by
indicated rAAV is shown. Mice were infected by rAAV at an
MOI of 1 x 10"" vgs/mouse through tail vein injection (n =
3/group). (E) PCR detection of the virus DNA level in livers
of mice infected by indicated rAAV in (D) is shown. n =
3/group. Mean + SEM is shown. (F) /n vivo imaging to
detect luciferase signals in mice with DT6606 subcu-
taneous tumors at different time points (2 days, 7 days,
and 14 days) after i.t. injection of indicated rAAVs is
shown. Mice were infected by rAAV at an MOl of 1 x 10"
vgs/mouse through i.t. injection (n = 5/group). (G) /n vivo
imaging to detect luciferase signals in mice with B16
subcutaneous tumors 14 days after i.t. injection of indi-
cated rAAVs is shown. Mice were infected by rAAV at an
MOI of 1 x 10" vg/mouse through it. injection.
***p < 0.001 between the indicated groups of this figure.

B16 96H

is tumor specific and has robust expression
capability that is similar to the CB promoter
both in vitro (Figures 4B and 4C) and in vivo
(Figure 4F). We also found that the human
TERT promoter can drive gene expression in
mouse cells and tissues, which is consistent
with previous report.*’

As virus-specific memory T cell responses are
ubiquitous in populations that were engaged in
the smallpox eradication campaign, AAV-medi-
ated virus gene delivery to activate virus-specific
memory T cells can be used widely as a strategy
for cancer immunotherapy. For translation of
this approach into the clinical setting, re-
searchers should firstly analyze the major epi-
topes of VV that can induce memory T cells in
patients. Previous research has identified 25 different HLA-restricted
VV epitopes that can induce human CD8" T cells.”' >’ Secondly, it
will be important to perform experiments to determine whether all
epitopes are valuable in inducing memory T cells. Thirdly, researchers
should detect whether there are any target memory T cells in the pe-
ripheral blood of patients, as previous research has reported that,
although VV-specific memory T cells are long lived in the absence
of antigenic re-exposure, they do decline with a half-life of 8-15
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Figure 5. rAAV-mediated B8R expression can delay DT6606 subcutaneous tumor growth in VV pre-immunized mice and promote intra-tumoral immune
activation

(A) gPCR detection of luciferase and B8R expression in subcutaneous tumors 21 days after PBS or rAAV i.t. injection. Mice used were pre-immunized with VV as described in
Figure 1A. Four weeks later, mice were inoculated with 1 x 10° DT6606 cells subcutaneously, and when the tumor volume reached 100 mm?®, PBS or 1 x 10'" vgs of rAAV
(expressing luciferase as a control or VV B8R) was injected into each tumor daily for 2 days. n = 3/group, and mean mRNA level + SEM is shown. (B) IHC of FLAG expression in
subcutaneous tumors 21 days after PBS or rAAV i.t. injection is shown. Mice were treated as described in (A). Images are representative of 10 HPFs examined. Magnification
200x is shown. (C) DT6606 subcutaneous tumor growth curve in VV pre-immunized mice after PBS or rAAV i.t. injection is shown; n = 8/group. Tumor growth was monitored
twice per week, and tumor volume was calculated. Mean tumor volume + SEM is shown. (D) Tumors isolated from mice in each group when the tumor volume in PBS group
reached 1,500 mm? are shown. Mice were treated as described in (C). (E) The percentage of tumor-free mice in indicated groups was calculated at the experimental endpoint
58 days after rAAV i.t. injection. Mice were treated as described in (C). (F) IHC of tumor-infiltrated CD4* and CD8" T cells in each group 21 days after rAAV i.t. injection is
shown. Mice were treated as described in (C). Images are representative of 10 HPFs examined. Magnification 400x is shown. (G) Quantification of CD4* and CD8*
T cells in (F) (n = 3/group) from 10 HPFs of each mouse is shown. Mean T cell number + SEM was shown. (H) Mice were treated as described in (C). Seven days after
PBS or rAAV i.t. injection, mice were sacrificed and tumor-infiltrating lymphocytes were examined. CD3*B8R* T cells were detected using flow cytometry. n = 3/group.
*p < 0.05, *p < 0.01, and **p < 0.001 between the indicated groups of this figure.

years.” If target memory T cells cannot be detected, one approach ~ may benefit younger generations who have not received the smallpox
that could be adopted is immunization of patients with antigens  vaccine.

before commencing tumor gene therapy. While here we take advan-

tage of VV memory T cells, those of other viruses, such as influenza ~ Although VV also can be used as an immunotherapeutic agent for
virus, Epstein-Barr virus (EBV), severe acute respiratory syndrome  cancer treatment, there are safety concerns due to unlikely but poten-
coronavirus 2 (SARS-COV-2), or vaccination-induced T-cell-  tial adverse events.'* The major advantages of AAV gene therapy are
specific epitopes, should also be considered for tumor treatment, as  its safety after multiple administrations. Of course, there remain
T cell populations in patients are likely. These vaccination strategies  several aspects of this strategy that can be improved. Firstly, iv.
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injection of rAAV2 led to liver uptake (Figures 4D, 4E, and S3), which
may reduce rAAV2 infection into non-hepatic tumor cells. Hepato-
cyte tropism is due to expression of a heparin-binding domain in
the capsid of AAV2 that promotes its entry into hepatocytes.”” This
issue may be solved by modification of the capsid protein of AAV
through rational design to improve its tumor tropism or by further
investigation into the most suitable AAV serotype. Secondly, the
rAAV approach was not very effective at treatment of fast-growing
tumors, as determined using the B16 subcutaneous tumor model.
This is because rAAV cannot replicate in and infect newly divided
cells. This issue could be addressed by repeated it. injections of

rAAV6-ATM-

Backward

Figure 6. rAAV-mediated delivery of the VV B8R gene
to B16 subcutaneous tumors inhibits tumor
metastasis in VV pre-immunized mice

(A) Expression of luciferase and B8R in B16 subcutaneous
tumor 7 days after PBS or rAAV i.t. injection. Mice were
pre-immunized as described in Figure 5C. Four weeks
after VW immunization, 1 x 10° B16 tumor cells were
inoculated in the flank of these mice, and when the tumor
volume reached 100 mm?®, PBS or 1 x 10" vgs of rAAV
were injected into each tumor daily for 2 days. (B) B16
subcutaneous tumor growth curve in VV pre-immunized
mice after indicated treatment is shown; n = 8/group.
Mice were treated as described in (A). Tumor growth
was monitored twice per week, and tumor volume was
calculated and plotted as mean volume + SEM. There was
no significant difference between different groups. (C)
Lung images of sacrificed mice are shown. Mice were
treated as described in (A) and sacrificed when the sub-
cutaneous tumor volume reached 1,500 mm?®. Arrows
indicate melanoma metastasis nodules. (D) Representa-
tive H&E staining of lungs shows the status of metastatic
nodules of cancer in the indicated groups from (C). The
yellow circles indicate metastatic nodules. Magnification
100x is shown.

rAAV or as a neoadjuvant therapy in combina-
tion with surgical removal of the primary tumor
after injection. Although rAAV injection could
not suppress fast growth carcinoma in situ in
our model, it could prevent related tumor
metastasis or re-challenge effectively (Figures 6
and S2), possibly through antigen-spreading
mechanisms. Thirdly, as previous research indi-
cated that memory T cells express immune
checkpoint molecules,”” combination of rAAV
gene therapy with PD-1 inhibitors or other im-
mune checkpoint inhibitors may prevent inacti-
vation of i.t. antitumor T cells and improve the
long-term efficacy of tumor treatment. Other-
wise, whether this strategy is more effective
than utilizing the developed AAV/ATM system
for expression of other, none immune-related,
therapeutic genes needs further investigation.

In summary, our research confirmed that AAV-mediated delivery of
virus gene to redirect pre-existing, virus-specific memory T cells to
target tumor is a promising method for cancer treatment.

MATERIALS AND METHODS

Cells,plasmids, and viruses

The human embryonic kidney cell line (HEK293) and mouse mela-
noma cell line (B16) were purchased from ATCC. Human esophageal
carcinoma cell lines (KYSE510 and KYSE180) were purchased from
DSMZ. Mouse pancreatic cancer cell lines (DT6606 and TB11381)
were provided by Prof. David Tuveson (Cancer Research UK
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Cambridge Research Institute, Cambridge, UK; now at Cold Spring
Harbor Laboratory). The murine head and neck squamous cell carci-
noma (HNSCC) cell line (SCCVTII) was kindly provided by Dr. Osam
Mazda (Department of Microbiology, Kyoto Prefectural University of
Medicine, Japan). The human esophageal carcinoma cell line (SBRC-
ECO1) was established in our lab through primary culture from a bi-
opsy of a 57-year-old female esophageal squamous cell carcinoma
(ESCC) patient.”® The mouse lung cancer cell line (KPL160303S)
was derived from KRas®?P; P53%172H, Ad5-Cre mice as previously
reported.”” Cells were all cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% fetal bovine serum (FBS) and 100 U/mL
penicillin-streptomycin solution at 37°C with 5% CO..

The recombinant VV used in this manuscript was VVLATKANI1L-
RFP that has been described previously.”* For convenience, this is
indicated as VV in the manuscript.

The AAV parental plasmids (pAAV-EGFP/luciferase, pAAV-RC,
and pHelper) used in this manuscript were gifts from the lab of Pro-
fessor Michael J. Passineau in Allegheny Health Network, Highmark.

The lentivirus plasmids (psPAX2, pMD2.G, and FUB-P2A-EGFP-
T2A-Puro) used in this manuscript for B8R gene overexpression
were purchased from Addgene.

Establishment of a DT6606 cell line stably over-expressing the
B8R gene of VV

The cDNA of B8R was synthesized by Shangya Com (Zhengzhou,
China) and cloned into the linearized FUB-P2A-EGFP-T2A-Puro
plasmid digested by BamHI (NEB) and EcoRI (NEB) restriction en-
donucleases. The B8R expression plasmids were packaged into lenti-
viral particles with the help of psPAX2 and pMD2.G in 293T cells.
DT6606 cells cultured in six-well plate were infected by 1-mL viral
particles with 8 pg/mL polybrene (Solarbio, Beijing, China) and
selected by puromycin to purify B8R stably over-expressed DT6606
cells, indicated as DT6606-B8R in the manuscript. DT6606 cells in-
fected by empty lentiviral particles were used as control cells and indi-
cated as DT6606-control in the manuscript.

Cell growth curves

Cell proliferation was assessed using IncuCyteZOOM (Essen
Bioscience). Briefly, DT6606-control and DT6606-B8R cells were
seeded in 96-well plates at a density of 5 x 10* cells/well and then
cultured in a humidified incubator at 37°C with 5% CO,. Cell growth
was continuously monitored until the entire well was totally covered
by cells and cell growth curve was drawn using GraphPad.

Differentiation of hiPSCs into hepatocyte cells

Human iPSCs (hiPSCs) derived from the peripheral blood mononu-
clear cell of a healthy donor,’® a gift from Dr. Jianzeng Dong’s lab in
the First Affiliated Hospital of Zhengzhou University, were cultured
in mTeSR1 medium (STEMCELL; 85,850). For differentiation of
hiPSCs to hepatocyte cells, we used Cellartis iPS cell to hepatocyte dif-
ferentiation kit (Takara) according to the product manual.
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DNA and RNA extraction and real time qPCR

DNA extraction from cells was performed using the Tissue gDNA
Isolation kit (Biomega; GD2211-02) in accordance with the manufac-
turer’s protocol. One thousand nanograms of DNA from each sample
was used for agarose gel electrophoresis. RNA was extracted from the
cells using Trizol reagent (Thermo Fisher Scientific; 15596026) accord-
ing to the manufacturer’s instructions. HiScript II 1st Strand cDNA
Synthesis Kit (Vazyme; R211-01) was used to reverse transcribe RNA
into cDNA according to the manufacturer’s instructions. qPCR was
performed using SYBR green (Vazyme), and primers used were CB pro-
moter: forward: 5'-TCCCATAGTAACGCCAATAGG-3', reverse: 5'-
CTTGGCATATGATACACTTGATG-3"; ATM promoter: forward:
5'-CGGTTACGAAGCACTTTCTCG-3', reverse: 5-CAGCGGAGA
GAGGTCGAATC-3" EGFP: forward: 5-GCTACCCCGACCACAT
GAAG-3', reverse: 5'-CGGGTCTTGTAGTTGCCGT-3'; B-actin: forw
ard: 5'-CCAGAGGCGTACAGGGATAGCAC-3', reverse: 5'-TCTCTT
CCT CTTGTGCTCTTG-3'". The PCR conditions were as follows: 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.
Samples were processed on an ABI 9700HT system (Applied Bio-
systems, Foster City, CA). Results were analyzed using SDS 2.2 soft-
ware, and the relative expression levels of target genes were calculated
after normalizing against -actin.

IFN-y ELISA

Mouse spleens were isolated 14 days after VV immunization, mashed
through 70 pm BD Falcon cell strainers and flushed with Roswell Park
Memorial Institute (RPMI-1640) medium (Sigma Aldrich) contain-
ing 10% fetal calf serum (FCS), 1% streptomycin/penicillin, 1% so-
dium pyruvate, 1% non-essential amino acids (Gibco), and 0.1%
B-mercaptoethanol. This medium was called complete T cell medium
(CTCM). Splenocytes were lysed in red blood cell (RBC) lysis buffer
(Sigma-Aldrich) and re-suspended in CTCM. Suspended cells were
co-incubated for 72 h with previously reported VV immunogenic
peptides (K3L, B2R, B8R, A8R, and A3L)23 separately, and mesothelin
peptide was used as control. IFN-y production was assessed by
ELISA (eBioscience) according to manufacturer’s protocol. The se-
quences of immunogenic peptides used in this experiment are
K3L: YSLPNAGDVI; B2R: YSQVNKRYI; B8R: TSYKFESV; A8R:
ITYRFYLL; and A3L: KSYNYMLL. All these peptides were synthe-
sized by GL Biochem (Shanghai, China).

Flow cytometry (FC) analysis

Splenocytes or tumor-infiltrating lymphocytes (TILs) were ex-
tracted from mice and diluted in CTCM. Cells were pushed
through a 70-pum cell strainer to create a single-cell suspension,
centrifuged, and the pellet was re-suspended in 5 mL red blood
cell lysis buffer (Sigma-Aldrich) for 5 min. We prepared at least
1 x 10° lymphocytes for each staining and the staining antibodies
used were: anti-mouse CD3e-fluorescein isothiocyanate (FITC)
(eBioscience; 11-0031-86); CD4-antigen-presenting cell (APC)
(eBioscience; 17-0041-82); CD8a-APC (eBioscience; 12-0081-85);
and B8R pentamer-PE (customized from Proimmune). After 1 h
incubation at room temperature, cells were acquired on an FC
scanner, and data were analyzed using FlowJo software (Tree Star).
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Immunohistochemistry

Tissues collected at different time points were processed and stained by
H&E or immunohistochemistry (IHC) as previously described.*” For
IHC, consecutive 6-pm-thick slices from each sample were de-paraffi-
nized in dimethyl benzene, rehydrated through a graded ethanol series,
and incubated with fresh 3% H,O, for 10 min to quench endogenous
peroxidase activity. After a rinse in phosphate-buffered saline (PBS),
antigen retrieval was performed by microwave heating. Following in-
cubation in 10 mmol/L citrate buffer (pH 6.0) for 20 min, sections
were incubated with primary antibodies for CD4 (BioLegend; 1:500),
CD8 (BioLegend; 1:500), FLAG (Abcam; 1:500), or VV (Invitrogen;
1:500) at 4°C overnight. The corresponding secondary antibody
(Dako) was added for incubation at 37°C for 30 min before reaction
with diaminobenzidine and counterstaining with hematoxylin. Images
were captured using a Leica IM50 40 x microscope (Imagic Bild Verar-
beitung AG, Wetzlar, Germany). The CD4- and CD8-positive cell
number was calculated by two researchers who were blinded to the
experimental grouping, and 10-15 microscope fields at magnification
400x were randomly chosen in each slide to calculate the average pos-
itive cells number per high power field (HPF).

Western blot

Western blot analysis was performed according to protocols previ-
ously described.*” Briefly, cells were washed twice with cold PBS and
scraped in RIPA lysis buffer (150 mM NaCl, 1% NP-40, 0.5% deox-
ycholic acid, 0.1% SDS, and 50 mM Tris [pH 8.0]) supplemented
with 0.1 mM phenyl methyl sulfonyl fluoride (PMSF). Cell lysates
were incubated on ice for 30 min and centrifuged at 15,000 x g,
4°C for 15 min. Proteins in the supernatant were extracted and
quantified using bicinchoninic acid (BCA) protein assay (Pierce,
Rockford, IL). Cell lysates were loaded with 4x loading dye (Tris-
HCI [pH 7.4], 1% SDS, glycerol, dithiothreitol, and bromophenol
blue) and subjected to electrophoresis on 8% or 10% SDS-polyacryl-
amide gels and then transferred onto nitrocellulose membrane (Bio-
Rad, Richmond, CA, USA). The membrane was blocked with 5%
milk in Tris-buffered saline (TBS) with Tween 20 and incubated
with primary antibodies (anti-FLAG [1:1,000] [Abcam, ab205606],
anti-GAPDH [1:5,000] [Proteintech, 60004-1]). After washing
with TBS supplemented with 0.05% Tween 20 for 30 min, secondary
antibody conjugated to horseradish peroxidase (Jackson Immunor-
esearch Laboratories, WestGrove, PA, USA) was added to the mem-
brane for visualization.

Construction of recombinant adeno-associated virus vectors

To generate an AAV vector with the ATM promoter, pAAV-CB-
EGFP/luciferase vector, a gift from lab of Professor Michael J. Passi-
neau, was used as a template plasmid. Firstly, the ATM promoter was
synthesized with Mlu-I and Age-I restriction sites by Sangon Biotech,
resulting in Mlu-I-ATM promoter-Age-I sequence; the sequence of
ATM promoter is showed in Figure 3B. The AAV-CB-EGFP/lucif-
erase vector was linearized by Mlu-I and Age-I and used as backbone
vector. The Mlu-I-ATM promoter-Age-I sequence was ligated into
the backbone vector, and the targeting vector pAAV-ATM-EGFP/
luciferase was generated.

To generate the AAV-ATM-BS8R vector, the cDNA of the B8R gene
from Lister VV strain was inserted into the rAAV vector by homolo-
gous recombination. The pAAV-ATM-EGEFP vector was used as tem-
plate, the EGFP gene was deleted by Ncol and HindIII digestion, and
the B8R-FLAG sequence was inserted into this position. The B8R
gene fragment was amplified by PCR using the genome of DT6606-
B8R cell as template, and the FLAG coding sequence was added
to the amplified product. The primer sequences were forward: 5'-GT
ACCGAGGCACCGGTCGCCACCGGATCCATGAGATATATTAT
AATT-3"; reverse: 5-TCGATAAGCTTACCGGTTTACTTGTCAT
CGTCGTCCTTGTAGTCTGAATATTTAGTCAA-3". The digestion
product and PCR product were ligated by homologous recombination
to obtain pAAV-ATM-B8R-FLAG. pAAV-ATM-Luciferase was used
as a template to construct pAAV-ATM-Luciferase-FLAG through
homologous recombination. The primer sequences were forward:
5'-CGAGGCACCGGTCGCCACCATGGAAGACGCCAAAAACA
TA-3"; reverse: 5'-ACGGTATCGATAAGCTTTTACTTGTCATCG
TCGTCCTTGTAGTCCACGGCGATCTTTCC-3'.

Production of rAAV

rAAV was produced using the triple-transfection method.*' Three
plasmids (pAAV-EGFP/luciferase, pAAV-RC, and pHelper) were
transfected into HEK293 cells by polyethylenimine (PEI) (Sigma;
91902). For each 15 cm? cell culture plate, plasmids (62.4 pg) with
PEI (plasmid: PEI = 1:1) were added to the culture plate. The appro-
priate plasmid used for transfection was calculated according to the
size of plasmid fragment. Six hours after transfection, the medium
was discarded and replaced with fresh medium. Seventy-two hours
later, the cells were collected by centrifugation, and the cell pellet
was re-suspended with 1 mL rAAV lysis buffer (15 mL of 5 M
NaCl and 25 mL of 1 M Tris HCI [pH 8.5]) added to 500 mL ultra-
pure water) per plate. After three freeze-thaw cycles, 1 uL benzonase
(Sigma; E1014-250KU) was added before incubating at 37°C for
40 min. Then, virus was subjected to iodixanol gradient centrifuga-
tion, 40,000 rpm for 18 h at 18°C. The purified virus was collected
and stored in —80°C. The total vector genome number was deter-
mined by qPCR.

Infection of cells by rAAV

Cells were seeded in 24-well plates and incubated for 24 h in 37°C
incubator with 5% CO,. The medium was removed and replaced
with 0.3 mL of fresh medium and appropriate amount of recombi-
nant virus (rAAV-CB-GFP; MOI = 10°) was added to each well. After
a 10-h incubation, the medium was removed and cells were further
incubated for 60 h in fresh complete medium. Cells were digested
and collected in cytometer tubes for FC analysis by ectopically ex-
pressed GFP. Data were analyzed using Flow]Jo software. Infection ef-
ficiencies were quantified by means of percentage of EGFP-positive
cells and the average intensity of fluorescence per cell.

Animal experiments

Male C57/Bl6 mice were purchased from Beijing Vital River Labora-
tory Animal Technology and housed in the animal facilities of
Zhengzhou University with 12 h light and 12 h dark cycles and free
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access to water and food. All animal experiments were carried out un-
der the terms of the mouse welfare and ethics of Zhengzhou
University.

For evaluation of the tumor-specific expression of the ATM pro-
moter, 4- to 6-week-old mice were injected with 1 x 10'! copies of
viral genome (vg). AAV-CB-luciferase or AAV-ATM-luciferase in
100 pL PBS was injected i.v. or i.t. All mice recovered from the injec-
tion quickly without loss of mobility or interruption of grooming
activity.

For the VV pre-immunized subcutaneous tumor model, 5- to 6-week-
old mice were pre-immunized by injection of 5 x 10 plaque-forming
units (PFUs) VV/mouse i.m. twice with a 2-week interval. Four weeks
after the second immunization, mice were subcutaneously inoculated
with 1 x 10° of B16, DT6606, DT6606-B8R, or DT6606-control tu-
mor cells. For evaluation of the therapeutic effect of VV, 1 X 108
PFUs VV/mouse were administered daily for 5 days, through
multi-spot it. injection when the subcutaneous tumor volume
reached 80-100 mm?>. For evaluation of the therapeutic effect of
rAAV, 1 x 10" vg rAAV/mouse was administered for 2 consecutive
days through multi-spot i.t. injection. The mice were divided into
three groups: PBS group; AAV-ATM-Luciferase-FLAG group; and
AAV-ATM-B8R-FLAG group. The length and width of the subcu-
taneous tumor were measured every 3 days with a vernier caliper,
and tumor volume was calculated according to the equation volume =
(length x width x width)/2 x 3.14.

For animal in vivo imaging, mice were anesthetized with 2% isoflur-
ane and oxygen. D-luciferin, potassium salt was used as a substrate
and injected intra-peritoneally (i.p.) at a dose of 150 mg/kg body
weight. For each mouse, the images were taken by PerkinElmer
IVIS spectrum machine, 10-15 min after substrate injection.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 5 and SPSS
19.0 software. The results were represented as mean =+ standard error
of the mean (SEM). Differences were analyzed using the Student’s t
test to compare significance between two groups and one-way
ANOVA test to compare significance between more than two groups
or Kaplan-Meier survival analysis. Differences were considered statis-
tically significant when the p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.0mt0.2022.04.008.
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