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Abstract

Immune checkpoint inhibitors against PD-1, PD-L1 and CTLA-4 have altered the treatment paradigm for various types of
cancers in the past decade. However, they offer clinical benefits to only a subset of patients. Evaluation and identification of
an appropriate therapeutic approach to improve intratumoral immune status are needed for better treatment outcomes. We
previously demonstrated that intratumoral expression of IL-7 and IL-12 increased tumor-infiltrating lymphocytes in poorly
immunogenic tumors, resulting in a higher tumor regression rate than IL-12 alone. However, the mechanism underlying the
difference in efficacy with and without IL-7 remains unclear. Here, we identified a previously unknown effect of IL-7 on the
T cell receptor (TCR) repertoire of intratumoral CD8" T cells, which is induced in the presence of IL-12. While IL-7 alone
increased the diversity of intratumoral CD8™" T cells, IL-7 with IL-12 increased a limited number of high-frequency clones,
conversely augmenting IL-12 function to increase the clonality. The proportion of mice with multiple high-frequency clones
in tumors correlated with that achieving complete tumor regression in efficacy studies. These findings provide a scientific
rationale for combining IL.-7 and IL-12 in anticancer immunotherapy and unveil a novel IL-7 function on intratumoral TCR

repertoire.
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Introduction

Immune checkpoint blockade targeting PD-1/PD-L1 and
CTLA-4 has markedly changed the paradigm of cancer
therapy, providing durable clinical benefit to patients with
various types of cancer [1-3]. However, the response rate
remains low, likely due to the multidimensional and non-
redundant immunosuppressive mechanisms in the tumor
microenvironment [4, 5]. Therefore, optimal efficacy with
successful changes in immune status in tumors is believed
to require combination therapies using agents with different
antitumor mechanisms [6, 7]. Effective changes in immune
status involve an increase in tumor-infiltrating T cells as
well as upregulation of inflammatory genes [6]. The most
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important response is the enrichment of polyclonal T cell
clones with tumor-targeting properties, which may comprise
the characteristic T cell receptor (TCR) repertoire observed
in patients with clinical response [8—10]. Increased clonal-
ity of intratumoral T cells has been reported to be positively
correlated with the clinical response of an anti-PD-1 anti-
body [11]. Sequential treatment with an anti-CTLA-4 anti-
body followed by an anti-PD-1 antibody increases the clonal
T cell repertoire in tumors [12]. However, tumor-targeted
radiotherapy, which may generate in situ vaccination fol-
lowing induction of immunogenic cell death of cancer cells,
shows a broader TCR repertoire and increases antitumor effi-
cacy to an anti-CTLA-4 antibody [13, 14]. Although these
results appear contradictory, expansion of an increased but
limited number of T cell clonotypes is likely to be associated
with successful antitumor immunotherapies [10].

We have been studying in situ vaccination strategies using
tumor-selective oncolytic vaccinia viruses carrying a series
of immunomodulator(s), and previously demonstrated that
intratumoral expression of IL-7 together with IL.-12 contrib-
uted to a higher rate of complete regression (CR) of poorly
immunogenic tumors [15]. This correlated with a higher
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number of infiltrating lymphocytes in tumors expressing
both IL-7 and IL-12 than either cytokine alone. Consider-
ing that the difference in antitumor efficacy with and without
IL-7 became apparent after a period of tumor suppression
of one or two weeks, other immune phenotype changes,
such as TCR repertoire, may have had a lasting effect on the
degree of antitumor efficacy in the tumor microenvironment.
Oncolytic virotherapy, as well as radiotherapy, may enhance
the diversity of the TCR repertoire due to its in situ vac-
cination effect following release of multiple tumor antigens
[16]. IL-12, a broad spectrum immune activator [17], and
IL-7, a key molecule for T cell homeostasis [18], may also
impact the architecture of the intratumoral TCR repertoire,
though it is completely unknown whether IL-7, IL-12 and
their combination in an oncolytic vaccinia virus platform
enhance TCR diversity or clonality.

Here, using a poorly immunogenic LLC lung carcinoma
model, we examined the activation status and diversity
distribution of tumor-infiltrating T cells after intratumoral
treatment with a series of recombinant oncolytic vaccinia
viruses carrying transgenes to express IL-7, IL-12 or both,
and investigated the association with antitumor efficacy.
Whereas IL-12 alone increased clonality and IL-7 alone
increased diversity, IL-7 together with IL-12 showed the
exact opposite effect on intratumoral CD8* T cells, markedly
increasing clonality with expansion of a limited number of
clonotypes in a higher proportion of mice, which positively
correlated to the CR rate. Our data improve understanding of
the dynamic role of IL-7 in the cytokine network, providing
a scientific rationale for combined expression of IL-7 and
IL-12 in antitumor therapies.

Materials and methods
Recombinant viruses

All recombinant vaccinia viruses used in this study were
developed based on the attenuated vaccine strain, LC16mO,
as described previously [15]. Briefly, LC16mO was modi-
fied with functional deletion of VGF and O1L and partial
deletion of the BSR glycoprotein. DNA coding human IL-7
protein and DNA coding murine IL-12 protein were inserted
into the VGF and O1L locus, respectively, using a plasmid
containing the human IL-7 gene and a plasmid containing
the murine IL-12 gene to generate hIL-7/mIL-12-VV. Simi-
larly, a plasmid encoding human IL-7 protein and a plasmid
encoding LacZ were used to generate hIL-7-VV; a plasmid
encoding murine IL.-12 protein and a plasmid encoding
luciferase were used to generate mIL-12-VV; a plasmid
encoding Discosoma sp. Red fluorescent protein (DsRed)
and a plasmid encoding LacZ were used to generate Cont-
VV. RK13 or A549 cells were used for virus propagation.
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Infected cells were collected, and viruses were purified by
tangential flow filtration or density gradient ultracentrifuga-
tion using OptiPrep (Axis-Shield) according to the manufac-
turer’s protocol. Purified virus solution was titrated using a
plaque assay in a monolayer culture of RK13 cells, in which
the number of plaque-forming units (pfu) was determined.
Virus solution was stored at — 80 °C until use.

Mice and cell lines

Male C57BL/6 mice purchased from Charles River Labo-
ratories Japan, Inc. were maintained on a standard diet and
water ad libitum throughout the experiments under spe-
cific pathogen-free conditions. Rabbit kidney RK13 cells,
human lung carcinoma A549 cells and murine Lewis lung
carcinoma (LLC) cells were purchased from American Type
Culture Collection (ATCC). RK13 was cultured in Eagle’s
minimum essential medium (ATCC) supplemented with
10% (v/v) heat-inactivated fetal bovine serum and 1% (v/v)
penicillin—streptomycin (Thermo Fisher Scientific). A549
was cultured in F-12 K medium (ATCC) or Dulbecco’ s
modified Eagle’s medium (DMEM) supplemented with
10% (v/v) heat-inactivated fetal bovine serum and 1% (v/v)
penicillin—streptomycin. LLC was cultured in DMEM sup-
plemented with 10% (v/v) heat-inactivated fetal bovine
serum and 1% (v/v) penicillin—streptomycin. LLC-derived
dendritic cells (DCs) were cultured in RPMI1640 (Sigma-
Aldrich) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum and 1% (v/v) penicillin—streptomycin. Culture
conditions were maintained in a humidified atmosphere with
5% CO, at 37 °C. Cells were tested as mycoplasma-free.

Syngeneic mouse model using Lewis lung carcinoma

Mice were subcutaneously inoculated with LLC cells into
the right flank. Tumor diameter was measured using a digi-
tal caliper, and tumor size was calculated using the follow-
ing formula: length x width®x 0.52. After establishment of
tumor burden, mice were randomly allocated to experimen-
tal groups such that mean tumor volume was similar among
the groups, and intratumoral treatment with 30 pL of vehicle
or virus suspension was started. Tumor size and body weight
of individual mice were continuously monitored. Mice with
signs of deterioration or acute weight loss were euthanized.
Complete tumor regression was defined as complete tumor
disappearance.

Flow cytometry analysis

LLC tumors were dissected immediately after euthanasia
by cervical dislocation under isoflurane anesthesia. Tumor
tissues were minced with scissors and further mechanically
dissociated using Tumor Dissociation Kit, mouse (Miltenyi
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Biotec) and GentleMACS (Miltenyi Biotec). Cells were
passed through a nylon mesh filter and prepared for immuno-
fluorescence staining and flow cytometry analysis. Spleens
were minced with scissors and dissociated using BioMasher
(Nippi, Japan), and red cells were subsequently lysed with
ACK Lysing Buffer (Thermo Fisher Scientific). The follow-
ing monoclonal antibodies were used for immunostaining:
mouse CD4 PE-Cy7, mouse CD8a V500, mouse CD366
(Tim3) PE, mouse MHC Class II (I-A/I-E) PerCP-Cy5.5
(BD Biosciences); mouse CD127 (IL-7Ra) Brilliant Violet
510, mouse Interferon-y PerCP-Cy5.5, mouse Granzyme
B Alexa Fluor 647, mouse CD45 Alexa Fluor 647, mouse
CD45R (B220) FITC, mouse CD11c PE, mouse CD103
PE-Cy7, mouse CD80 APC, and mouse CD279 (PD-1)
PE-Cy7 (BioLegend). BD fixation/permeabilization kit
(BD Biosciences) was used for intracellular staining. Zom-
bie Aqua (BioLegend) or Fixable Viability Dye eFluor 780
(Thermo Fisher Scientific) was used to distinguish live and
dead cells. Samples were acquired on MACSQuant Analyzer
10 (Miltenyi Biotec) and analyzed using FlowJo Ver.10 (BD
Biosciences).

NanoString gene expression analysis

LLC tumors (approximately 90 mm?) were treated with
30 pL of PBS or virus suspension every other day for a
total three times. Three days after the last treatment, tumor
samples were collected in ISOGEN (Nippongene) imme-
diately after euthanasia by cervical dislocation under iso-
flurane anesthesia. Total RNA was extracted using linear
acrylamide and isopropanol, hybridized with the PanCan-
cer Mouse Immune Profiling panel (NanoString Technolo-
gies) and analyzed using the nCounter DX Analysis System
(NanoString). Data were processed using nSolver Analysis
Software and the Advanced Analysis module (NanoString).

TCR repertoire analysis

LLC tumors in the right flank of mice were intratumorally
treated with 30 pL of PBS or virus suspension every other
day for a total of three times. Eleven or twelve days after the
last treatment, spleens and tumors were dissected. Spleens
were minced with scissors and further mechanically dissoci-
ated using Spleen Dissociation Kit, mouse (Miltenyi Biotec)
and GentleMACS. After removal of dead cells using the
Dead Cell Removal Kit (Miltenyi Biotec), splenic CD4" and
CD8* T cells were isolated using CD4% T Cell Isolation
kit, mouse (Miltenyi Biotec), and CD8a* T Cell Isolation
Kit, mouse (Miltenyi Biotec), respectively, according to the
manufacturer’s protocols. Likewise, tumors were dissociated
using Tumor Dissociation kit, mouse and dead cells were
removed. Intratumoral CD4* and CD8* T cells were isolated
using CD4 (TIL) MicroBeads, mouse (Miltenyi Biotec) and

CD8a™ T Cell Isolation Kit, mouse, respectively. Isolated
immune cells were collected in ISOGEN. RNA extracted
using the RNeasy Plus Universal Mini kit (QIAGEN) was
reverse transcribed into complementary DNA (cDNA) using
SuperScript III Reverse Transcriptase (Thermo Fisher Sci-
entific). Subsequently, double-stranded cDNA was synthe-
sized, and TCR-f-chain genes were amplified using adaptor
ligation-mediated PCR [19]. High-throughput sequencing
was performed using MiSeq Reagent Kit v3 (600 Cycle)
(IlIlumina, San Diego, CA, USA) and MiSeq (Illumina).
Reads with a quality value (QV) score >20 were used for
analyses [20]. TRBV and TRBIJ segments in TCR genes
were assigned based on the international ImMunoGeneTics
information system (IMGT) database. A unique sequence
read was defined as a sequence read having no identity in
TRBYV, TRBJ and deduced amino acid sequence of TCR-f-
chain CDR3 with the other sequence reads. Data process-
ing including calculation of the inverse Simpson’s diversity
index was performed using a repertoire analysis software
(Repertoire Genesis, Osaka, Japan).

Tumor rechallenge study

C57BL/6 mice that had been previously cured of subcu-
taneous LL.C tumors by treatment with a mixture of hIL-
7-VV and mIL-12-VV were subcutaneously inoculated
with 4 x 10° LLC cells 74 days after the last viral treatment.
Growth of rechallenged tumors was continuously monitored.
Age-matched treatment-naive mice were used as a control

group.
Real-time PCR

For RNA analysis of Cxcl3, Ccl3 and Clec4n in LLC-derived
DCs, CD11c* cells were isolated from mIL-12-V V-treated
LLC tumors using EasySep Mouse CD11c Positive Selec-
tion Kit IT (STEMCELL Technologies). Cells were plated at
5x 10* cells per well in a 96-well plate with serially diluted
recombinant human IL-7 (PEPROTECH) or 1 pg/mL LPS
(Sigma-Aldrich) and incubated for 5 h. Subsequently, total
RNA was extracted using the RNeasy Plus Micro Kit (QIA-
GEN), and RNA was converted to cDNA using SuperScript
IV VILO Master Mix (Thermo Fisher Scientific). Real-time
PCR was performed using the TagMan Gene Expression
Master Mix and specific primers and probes from TagMan
Gene Expression Assays (Thermo Fisher Scientific). The
mRNA expression level of each gene relative to f-actin was
calculated using the AACt method.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
8 (GraphPad Software, San Diego CA, USA). Procedures
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for comparison are described in each figure. P values <0.05
were considered significant.

Results

IL-7 together with IL-12 increased infiltration
of activated T cells in poorly immunogenic tumors

First, we evaluated the antitumor activity of a recombinant
oncolytic vaccinia virus carrying transgenes to express
human IL-7 and murine IL-12 (hIL-7/mIL-12-VV) and

compared it to a virus expressing human IL-7 (hIL-7-VV;
human IL-7 is reactive for mouse immune cells [21]), murine
IL-12 (mIL-12-VV) or neither cytokine (Cont-VV) (Sup-
plementary Fig 1), against LLC tumors, which are known
to be poorly immunogenic [22, 23]. Significant antitumor
efficacy was observed in all viral treatment groups (p <0.001
for all groups) on Day 17, with three of eleven mice treated
with hIL-7/mIL-12-VV achieving CR on Day 28 compared
to none in the other groups (Fig. 1a, b), which is consist-
ent with our previous study [15]. Next, we examined the
activation status of intratumoral immune cells. Whereas
the number of total CD8" T cells tended to be higher in
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Fig. 1 Improved antitumor efficacy and increased infiltration of
activated T cells in tumors after intratumoral expression of IL-7 in
addition to IL-12. a, b Mice bearing subcutaneous LL.C tumors were
intratumorally injected with PBS, Cont-VV, hIL-7-VV, mIL-12-VV
or hIL-7/mIL-12-VV (2x 10’ pfu) on Days 1, 3 and 5 (n=11 to
12). a LLC tumor growth is shown with the proportion of mice that
achieved complete tumor regression (CR). b Tumor volume on Day
17. #*¥p <0.001 versus PBS by Dunnett’s multiple comparisons test.
¢, d Mice bearing subcutaneous LLC tumors were treated with a sin-
gle injection of PBS, mIL-12-VV or hIL-7/mIL-12-VV (2X 107 pfu).
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Six days later, tumor-infiltrating CD8" T cells were analyzed by flow
cytometry (n=10 per group). *p <0.05, **¥p <0.01, and ***p <0.001
by Mann—Whitney U test. e LLC-bearing mice were treated with
PBS, mIL-12-VV or hIL-7/mIL-12-VV (2x 107 pfu) every other day
for a total of three times (n=3). Three days after the last treatment,
tumors were dissected. Total RNA was isolated and subjected to gene
expression analysis using the NanoString PanCancer immune panel.
Red indicates high expression, and blue indicates low expression.
Data with bars indicate mean + SEM
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tumors treated with hIL-7/mIL-12-VV than mIL-12-VV,
the number of activated CD8" T cells expressing granzyme
B or IFNy was significantly higher in tumors treated with
hIL-7/mIL-12-VV (Fig. lc, Supplementary Fig 2). There
was no apparent difference in the number of PD-1"Tim3"
exhausted CD8" T cells between tumors treated with hIL-7/
mlL-12-VV and mIL-12-VV (Fig. 1d, Supplementary Fig
2). Furthermore, we performed multiplexed gene expres-
sion analysis of tumors treated with PBS, mIL-12-VV or
hIL-7/mIL-12-VV using the NanoString nCounter system
(NanoString Technologies). Treatment with hIL-7/mIL-
12-VV upregulated various immune pathways, which were
similarly upregulated following treatment with mIL-12-VV
(Fig. 1e). Direct comparison of hIL-7/mIL-12-V V-treated
tumors and mIL-12-VV-treated tumors showed significant
changes in gene expression related to antigen-presenting
cells (APCs): Clec4n, a C-type lectin receptor on dendritic
cells (DCs) [24], and Cxcl3 and Ccl3, chemokines released
from DCs and macrophages [25, 26] were upregulated, while
Axl, a receptor tyrosine kinase which negatively regulates
DCs to result in T cell inhibition [27], was downregulated
in hIL-7/mIL-12-VV-treated tumors (Table 1). Little to
no IL-7Ra expression was observed in intratumoral DCs
regardless of the presence or absence of IL-12. Further, no
upregulation of Cxcl3, Ccl3 or Clec4n was observed in iso-
lated DCs following stimulation with IL-7 (Supplementary
Fig 3), suggesting that IL-7 does not act directly on DCs
to upregulate these genes. The number of tumor-infiltrat-
ing DCs, mature DCs expressing major histocompatibility
complex (MHC) class II and activated CD103* DCs with
high expression of CD80 was identical between hIL-7/mIL-
12-VV- and mIL-12-VV-treated tumors (Supplementary Fig
4).

IL-7 shows opposite effects in facilitating clonality
of intratumoral CD8" T cells with and without IL-12

Despite the minor molecular differences related to APCs
between tumors treated with hIL-7/mIL-12-VV and mIL-
12-VV, we hypothesized that this difference may have a last-
ing effect on intratumoral T cells, resulting in differences in
antitumor efficacy. We isolated CD8* and CD4™" T cells from
tumors treated with PBS, Cont-VV, hIL-7-VV, mIL-12-VV
or hIL-7/mIL-12-VV, sequenced the complementarity deter-
mining region (CDR) 3 of TCRp, calculated the frequency
of unique clones in each sample and ranked the top 50 clones
from highest to lowest frequency (Fig. 2a, d). With respect to
intratumoral CD8* T cells, high-frequency (> 10%) clones
were observed in seven out of nine mice treated with hIL-7/
mlL-12-VV, compared to a lower proportion of mice treated
with PBS, Cont-VV, hIL-7-VV and mIL-12-VV (two of five,
one of five, none of four, and two of eight, respectively)
(Fig. 2b). Furthermore, five out of nine mice treated with

Table 1 Genes upregulated by hIL-7/mIL-12-VV compared to mIL-
12-VV

Gene Log2-fold Lower con- Upper con- P-value

change fidence limit  fidence limit

(log2) (log2)

Cxcl3 2.01 1.66 2.37 0.000366
S$100a8 1.58 1.19 1.97 0.00138
Slc7all 1.04 0.723 1.35 0.00293
Ifitm1 0.919 0.619 1.22 0.00389
Ccl3 1.32 0.839 1.8 0.00573
Cxcl2 1.14 0.676 1.59 0.00839
Msin -0.832 -1.17 -0.491 0.00876
Kircl 1.56 0.908 222 0.00944
Axl -0.478 —0.684 -0.271 0.0106
Igflr -0.44 —0.63 -0.25 0.0106
Clec4n 1.15 0.648 1.65 0.0109
Nt5e 0.466 0.286 0.645 0.0147
17r 1.22 0.627 1.81 0.0156
Argl 0.684 0.318 1.05 0.0215
Coldal —0.441 —0.697 —0.185 0.0279
Illrn 0.977 0.397 1.56 0.0299
Anxal —0.355 —-0.566 —0.144 0.0301
Cdl4 0.674 0.271 1.08 0.0306
Dock9  —0.514 -0.834 —-0.195 0.0344
Kirdl 1.28 0.465 2.1 0.037
Cd96 0.621 0.245 0.996 0.0479
Haver2 0.741 0.222 1.26 0.0489
11D 0.72 0.216 1.22 0.0489

hIL-7/mIL-12-VV had multiple high-frequency clones, com-
pared to only one out of eight mice treated with mIL-12-VV
(Fig. 2b), resulting in higher cumulative frequencies of the
top 3 clones in hIL-7/mIL-12-V V-treated mice than those in
mlL-12-VV-treated mice (Fig. 2c). Likewise, high-frequency
CD4* T cell clones were observed in four out of nine mice
treated with hIL-7/mIL-12-VV, compared to only two out
of eight mice treated with mIL-12-VV and no mice treated
with PBS, Cont-VV or hIL-7-VV (Fig. 2e). Four out of nine
mice treated with hIL-7/mIL-12-VV, compared to no mice
in the other experimental groups, had multiple high-fre-
quency clones (Fig. 2e). Cumulative frequencies of the top 3
CD4* T cell clones in hIL-7/mIL-12-V V-treated mice were
expectedly higher than those in mice in the other groups
(Fig. 2f). Next, to analyze the overall clonal distribution, we
plotted the cumulative frequencies of the top 50 clones in
each animal. The group median distribution of intratumoral
CD8* T cell clones revealed that Cont-VV induced minor
changes, while hIL-7-VV comparatively increased diversity
and mIL-12-VV increased clonality (Fig. 3a). Strikingly,
hIL-7/mIL-12-VV increased the clonality of intratumoral
CD8" T cells and a higher proportion of mice (six out of
nine) showed cumulative frequencies greater than 80% for
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«Fig. 2 Intratumoral expression of IL-7 in addition to IL-12 increases
the number of high-frequency T cell clones in tumors. Mice bearing
subcutaneous LLC tumors were injected with PBS, Cont-VV, hIL-
7-VV, mIL-12-VV or hIL-7/mIL-12-VV (2x 107 pfu) every other day
for a total of three times. Eleven or twelve days after the last treat-
ment, intratumoral CD8' and CD4* T cells were sorted, and CDR3
sequences were analyzed as described in the Methods. a Pie charts
showing the frequency of CD8" T cell clones as a percentage of all
clones in tumors from individual mice. Colored areas indicate the top
50 frequent clones in each sample. Striped areas represent the sum
of the remaining clones. The colors do not correspond to the same T
cell clones among pie charts. b Frequency of the top 10 CD8* T cell
clones in tumors. ¢ Cumulative frequency of the top 3 CD8* T cell
clones in each treatment group. d Pie charts showing the frequency of
CD4" T cell clones as a percentage of all clones in tumors from indi-
vidual mice. e Frequency of the top 10 CD4" T cell clones in tumors.
f Cumulative frequency of the top 3 CD4" T cell clones in each treat-
ment group

the top 50 clones compared to the other groups, including
mlIL-12-VV (Fig. 3b). Changes in intratumoral CD8* T
cell diversity were also supported by trends observed in the
inverse Simpson’s diversity index (Supplementary Fig. 5).
The effect of these viruses on intratumoral CD4™ T cell clon-
ality differed from that on CD8* T cells: Cont-VV and hIL-
7-VV increased diversity, while mIL-12-VV most markedly
increased clonality compared to hIL-7/mIL-12-VV (Fig. 3c,
d, Supplementary Fig. 6). These results indicate completely
different effects of IL-7 on CD8* T cell diversity with and
without IL-12.

Local expression of IL-7 and IL-12 systemically
affects TCR repertoire

We previously reported that intratumoral expression of IL-7
and IL-12 mediated by an oncolytic vaccinia virus led to
the establishment of antitumor memory, resulting in rejec-
tion of rechallenged tumors [15]. In this study, we again
demonstrated that mice treated with hIL-7-VV in combina-
tion with mIL-12-VV more than 90 days prior rejected the
rechallenged LLC tumors (Supplementary Fig. 7), suggest-
ing that T cell clones reactive to LLC tumors may migrate
to, and be stored in, secondary organs. We examined splenic
T cells and assessed whether changes in the intratumoral
TCR repertoire after viral treatment systemically affects T
cell clonality. The diversity of the TCR repertoire of CD8*
and CD4" T cells in the spleen was much higher than in
tumors (Fig. 4a, d). Compared to observing little to no
CD8* T cell clones that were identified in tumors in the
spleen of mice treated with PBS, we found T cell clones
with the same CDR3 sequence in the spleen of animals
treated with Cont-VV, hIL-7-VV, mIL-12-VV and hIL-7/
mlL-12-VV, indicating migration of intratumoral CD8* T
cells into secondary lymphoid organs, as expected (Table 2).
The high cumulative frequency of the top 5 splenic clones
in mIL-12-VV-treated and hIL-7/mIL-12-VV-treated mice

(Fig. 4b) is consistent with the stronger antitumor efficacy
of mIL-12-VV and hIL-7/mIL-12-VV compared to Cont-
VV or hIL-7-VV. However, the cumulative frequency and
overall clonality calculated for the top 50 clones were higher
in mIL-12-VV-treated mice than hIL-7/mIL-12-V V-treated
mice, which is in contrast to the proportion of mice that
achieved CR (Fig. 4c). High-frequency T cell clones found
in the spleen were not always highly frequent in tumors in
the treatment groups. Furthermore, some T cell clones that
were identified among the top 3 high-frequency clones in
tumors were absent from the spleen. Unlike CDS8™ T cells,
there were no obvious differences in the cumulative fre-
quency of the top 5 clones or the overall clonality of CD4*
T cells in the spleen among treatment groups (Fig. 4e, f, and
Supplementary Table 1).

Discussion

Immune checkpoint inhibitors have markedly changed can-
cer treatment in the past decade, and their use in preclinical
and clinical studies has dramatically improved our under-
standing of complicated immune mechanisms in the tumor
microenvironment. However, because patient response rates
remain low, various types of immunotherapies are currently
being assessed to further improve efficacy while minimiz-
ing immune-related adverse events. Among these, oncolytic
virotherapy is a promising monotherapy and combinatorial
therapy with immune checkpoint inhibitors due to its ability
to transform “cold” tumors to “hot” tumors by increasing
activated T cells, natural killer (NK) cells and inflammatory
cytokines, which augment the efficacy of immune check-
point blockade [28]. Moreover, studies on oncolytic viruses
carrying immunomodulator(s) are being actively conducted
with the aim to further activate the immune system to over-
come the immunosuppressive tumor microenvironment [29].
We recently reported that simultaneous expression of IL-7
and IL-12 in poorly immunogenic LLC tumors showed supe-
rior antitumor activity to expression of either cytokine alone
[15]. In this study, we demonstrated that expression of IL-7
together with IL-12 increased a limited number of T cell
clones in tumors, which is one crucial mechanism underly-
ing the difference in antitumor efficacy between IL-12 alone
and the combination of IL-7 and IL-12. Further, our data
demonstrated that IL-7 has opposing effects on the TCR
repertoire of intratumoral CD8" T cells in the presence com-
pared to the absence of IL-12.

IL-12 is a well-studied proinflammatory cytokine that
efficiently promotes antitumor immune responses due to
its ability to establish a link between innate and adaptive
immunity by activating NK cells and T cells [30]. Effects
of exogenous IL-12 expression are currently being studied
in mice, non-human primates and humans [29, 31, 32].
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Fig.3 Characteristics of the TCR repertoire frequency distribution in
tumor. The top 50 intratumoral T cell clones are ordered according
to frequency on the x-axis and the cumulative percentage of total in-
frame reads is plotted on the y-axis. a, ¢ The group median frequency
was calculated for each clone rank in intratumoral CD8" T cells (a)

Moreover, IL.-12-based combination therapies with other
anticancer agents are under investigation [33, 34]. Few stud-
ies have investigated the combination of IL-12 and IL-7,
which is essential for maintaining naive CD4* and CD8"
T cells and the survival of antigen-specific memory T cells
[35-37]. IL-7 has been reported to synergistically stimu-
late T cells in vitro when combined with IL-12 [38]. Our
data showed that intratumoral dual expression of IL-7 and
IL-12, compared to IL-12 alone, increased activated CD8”*
T cells in poorly immunogenic tumors, which is supported
by findings from previous reports. It is assumed that syn-
ergistically stimulated T cells in tumors in the presence of
IL-7 and IL-12 may further upregulate multiple immune
pathways, enhancing inflammatory status, and leading to
antitumor efficacy. Moreover, we found that IL-7 combined
with IL-12 did not increase the proportion of exhausted
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and CD4" T cells (¢). b, d Frequency distribution of CD8" T cells
(b) and CD4™ T cells (d) in individual mice in each treatment group.
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n=9 for hIL-7/mIL-12-VV. Dotted line indicates the 80% border of
the repertoire space

CDS8™ T cells, despite T cell activation, in which IL-7 is
assumed to contribute to maintaining T cells in the tumor
microenvironment.

However, these findings focusing on T cell activation
are not sufficient to explain the difference in the propor-
tion of mice that achieved CR following treatment with
mlL-12-VV compared to hIL-7/mIL-12-VV. Differences in
efficacy always emerged about two weeks after viral treat-
ment, when little to no virus was present in tumors and the
concentrations of IL-7, IL-12 and IFNy were below the
level of quantification (unpublished data). IL-7 is known to
be required for the development of DCs [39] and, further-
more, for efficient interaction between T cells and DCs [40].
Our NanoString gene analysis of hIL-7/mIL-12-VV-treated
tumors and mIL-12-VV-treated tumors demonstrated a dif-
ference in expression levels of APC-related genes, which led
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us to hypothesize that IL-7 contributes to induction of more
efficient adaptive immunity. Thus, we investigated factors
that have potential long-term effects, such as TCR clonal-
ity in tumors and the spleen. Intratumoral administration
of Cont-VV increased the diversity of CD8" and CD4* T
cells, which is in agreement with prior reports showing that
vaccine therapy and in situ vaccination with radiotherapy
increases the number of T cell clones [13, 14]. Intratumoral
administration of hIL-7-VV also increased diversity, a result
that is consistent with reports showing that administration of
recombinant human IL-7 to non-human primates or humans
resulted in an increase in T cell number and increased TCR
diversity [41, 42]. However, when administered with IL-12,
IL-7 markedly increased the clonality of CD8* T cells,
resulting in a higher proportion of mice treated with hIL-7/
mlL-12-VV than mIL-12-VV showing multiple high-fre-
quency clones in tumors, which seemed to correlate with
the proportion of mice that achieved complete tumor regres-
sion. It is plausible that CD8 T cells in tumors treated with
hIL-7/mIL-12-VV are highly regulated by IL-7, which can
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PBS by Dunn’s multiple comparisons test. ¢, f Top 50 splenic CD8*
T cell clones (¢) and CD4* T cell clones (f) are ordered according
to frequency on the x-axis and the cumulative percentage of total in-
frame reads is plotted on the y-axis. The group median frequency was
calculated for each clone rank. n=5 for PBS, Cont-VV and hIL-7/
mlIL-12-VV; n=4 for hIL-7-VV and mIL-12-VV

promote proliferation of antigen-specific memory T cells
in the presence of tumor antigens, preventing apoptosis of
T cells, while IL-7 alone without tumor antigens has lower
potential for memory T cell proliferation [37].

We found some T cell clones in spleens which had been
identified as high-frequency clones in tumors, suggesting
migration of T cells from virus-injected tumors to sec-
ondary lymphoid organs. However, T cell diversity in the
spleen did not clearly reflect that in tumors. This indicates
that local changes in immune status are likely to be suffi-
cient for antitumor efficacy, and our recombinant oncolytic
vaccinia viruses successfully played their role with mini-
mum safety concerns due to the tumor selectivity of viral
replication [15]. However, these findings also suggest the
difficulty of using peripheral TCR repertoire analysis as a
precise response biomarker during therapy. Even in patients
treated with immune checkpoint inhibitors, there are cur-
rently many uncertainties regarding the relationship between
the peripheral T cell repertoire and antitumor efficacy [11,
43-45]. Identification of a parameter which reflects the
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Table 2 Frequency of top 5

. Mouse CDR3p sequence % in tumor % in spleen
intratumoral CD8* T cell clones
in the spleen PBS-1 CGARQSNTEVFF 3.93 0.00
CASSLDWGDYEQYF 3.02 0.00
CASRQGEQYF 291 0.00
CASSQVLGDTQYF 2.76 0.00
CASSPDWVYAEQFF 2.50 0.00
PBS-2 CASSLELGGPTQYF 14.41 0.00
CASSQEQTINYAEQFF 3.15 0.00
CASSIKVANTEVFF 2.29 0.00
CASSLLGAYEQYF 2.26 0.02
CASSPTGGNYAEQFF 2.10 0.00
PBS-3 CASSLRVAEVFF 34.33 0.00
CASSLEGTAETLYF 25.68 0.00
CASSIRGYEQYF 13.78 0.00
CASSLVGGASYEQYF 12.02 0.00
CGAGTGETEQFF 4.57 0.00
PBS-4 CTCSADGAGGGNERLFF 6.34 0.00
CASSFSFSAETLYF 5.89 0.00
CASSQTGEHTQYF 4.22 0.00
CASSLSGSDYTF 3.73 0.00
CASSFRGGQNTLYF 3.01 0.00
PBS-5 CASSLELGGPEQYF 7.74 0.00
CASSDPGGSAETLYF 3.77 0.00
CASSLGTKDTQYF 343 0.00
CASRDRGTEVFF 3.03 0.00
CASGDALGVYEQYF 2.63 0.00
Cont-VV-1 CASSLRDKKDTQYF 5.78 0.01
CASSFTGTNNQAPLF 5.69 0.08
CASSLRSQNTLYF 5.61 0.00
CASSGRDRVSAEQFF 3.08 0.00
CASSNTGYNNQAPLF 247 0.03
Cont-VV-2 CASSFTGRNNQAPLF 18.66 0.44
CASSPRDRDGNTLYF 6.72 0.02
CASSLPGQNTEVFF 3.55 0.00
CASSLGTGSYEQYF 2.82 0.00
CASSDAGQGAEVFF 2.28 0.00
Cont-VV-3 CASSLHSAETLYF 5.87 0.57
CASSSTGYNNQAPLF 5.86 0.59
CASSPGTGRNNQAPLF 3.40 0.15
CASSRTGDSYEQYF 2.26 0.00
CASSLVPAETLYF 1.90 0.07
Cont-VV-4 CASRGQISNERLFF 6.82 0.00
CASSLGLGAYEQYF 3.78 0.00
CASSIRGGRGAETLYF 3.31 0.00
CASSSTGHNNQAPLF 3.18 0.01
CTCSVDRVDTGQLYF 3.02 0.00
Cont-VV-5 CASSSTGENNQAPLF 7.24 0.02
CAWSQQGRNNQAPLF 6.89 0.00
CASGGWGGQNTLYF 6.08 0.00
CASSLLDWGSYAEQFF 6.04 0.02
CASSKTGGDTQYF 5.54 0.00
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Table 2 (continued)

Mouse CDR3p sequence % in tumor % in spleen
hIL-7-VV-1 CASSLGTTNERLFF 7.92 0.00
CASSLGHQNTLYF 6.00 0.00
CASSPNWGGQDTQYF 4.57 0.20
CASSHQDTEVFF 4.18 0.00
CASSLFDRAYAEQFF 2.98 0.03
hIL-7-VV-2 CASSQPGAYEQYF 4.78 0.00
CASGRDFYEQYF 3.50 0.00
CASSPGTYEQYF 2.89 0.00
CASSRQGENNSPLYF 2.75 0.00
CASSSTGYNNQAPLF 2.47 0.02
hIL-7-VV-3 CASSLRDWGAYAEQFF 4.85 0.00
CASSPGLGEGEQFF 4.63 0.00
CTCSADRQEDTQYF 2.84 0.00
CASSPRQIQDTQYF 2.55 0.01
CASSAGTAYEQYF 2.49 0.00
hIL-7-VV-4 CASSRQGENNQAPLF 4.24 0.03
CASSLSYEQYF 3.58 0.00
CASGGPYEQYF 3.58 0.00
CTCSAYRASQNTLYF 3.47 0.00
CASSLAWGGRRNTLYF 2.82 0.00
mlL-12-VV-1 CASSPDWGGAETLYF 9.65 0.06
CASSSGWGRNYAEQFF 9.25 0.26
CASSYRGLEQYF 4.42 0.26
CASGEGYGGAQRNTLYF 3.69 2.21
CASSLRQNSDYTF 3.57 0.15
mlL-12-VV-2 CASSIGDQDTQYF 55.79 0.00
CASSQGNYAEQFF 28.25 0.85
CGARVRGNSDYTF 10.98 0.44
CASSQGNYAGQFF 0.15 0.00
CANSIGDQDTQYF 0.14 0.00
mlL-12-VV-3 CASRTANTEVFF 36.27 3.29
CASSLTTANTEVFF 5.04 0.06
CASSYRDSDYTF 2.85 0.18
CASTWGGNTLYF 2.29 0.17
CASSPQGAETLYF 2.27 0.00
mlL-12-VV-4 CASSPDWGGAETLYF 6.75 0.13
CASSYGGASYEQYF 5.39 0.08
CGARQNTEVFF 4.76 1.00
CASSLGQTANERLFF 1.75 0.08
CASSFLGGLEQYF 1.52 0.49
hIL-7/mIL-12-VV-1 CASSLTGGGQNTLYF 12.13 0.08
CASSQGQGSQNTLYF 11.05 0.79
CASSTGGGYAEQFF 8.14 0.08
CASSLELGGREQYF 6.27 0.03
CASGDARLVSSYEQYF 4.33 0.00
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Table2 (continued) Mouse CDR3p sequence % in tumor % in spleen
hIL-7/mIL-12-VV-2 CASSVRDREDEQYF 39.77 0.00
CASSFSPSNERLFF 25.90 0.04
CASSGTISNERLFF 24.95 0.04
CASSTPGTGGYEQYF 1.27 0.00
CASSFSPANERLFF 0.23 0.00
hIL-7/mIL-12-VV-3 CASSLGTGGEEQYF 42.39 0.71
CTCSEGWGEQNTLYF 26.86 0.00
CASSLGVSQNTLYF 24.04 0.00
RASSLGTGGEEQYF 0.15 0.00
CASSVGTGGEEQYF 0.15 0.00
hIL-7/mIL-12-VV-4 CASSRQGAERLFF 26.21 0.00
CASSSGLGEDTGQLYF 21.34 0.00
CASSSRDRGGETLYF 8.66 0.00
CASSRDLVSSYEQYF 5.21 0.00
CGAKLGVQDTQYF 4.42 0.14
hIL-7/mIL-12-VV-5 CASSPGTSSQNTLYF 10.14 0.03
CASSQTRDWGYEQYF 5.51 0.57
CASSPNWGEGDTQYF 3.87 0.06
CASSPPGGDEQYF 3.65 0.19
CASSLLNYAEQFF 2.51 0.21

Information about TRBV, TRBJ, the number of individuals reads, and the number of total in-frame reads in
each sample are described in Supplementary Data File 1

status of the intratumoral TCR repertoire is important for
predicting patient outcome.

We acknowledge that there are several limitations to this
study that prevent full profiling of the mechanism underlying
this virotherapy. First, related to the difficulty of using TCR
repertoire analysis for diagnosis mentioned above, it is not
possible to clearly prove that individual mice with multiple
high-frequency clones in tumors after treatment with hIL-7/
mlL-12-VV indeed have the potential to achieve CR. Sec-
ond, it is unclear whether the TCR of each high-frequency
clone in tumors recognizes tumor antigens, viral proteins or
other molecules, despite our tumor rechallenge study sug-
gesting the existence of T cell clones that are reactive to
tumor antigens. Third, while we described a bipolar function
for IL-7 on CD8™* T cells in the presence of IL-12, it will be
important to investigate why this is not observed on CD4*
T cells by conducting detailed analysis of the mechanisms,
with a focus on the differences between CD8% and CD4* T
cells.

In summary, we demonstrated that intratumoral expres-
sion of IL-7 together with IL-12 increases the intratu-
moral clonality of CD8" T cells and improves the antitu-
mor response rate in a poorly immunogenic mouse model,
thereby revealing an unknown function of IL-7 that is
triggered by IL-12. Our data provide a scientific rationale

@ Springer

for evaluating IL-7 and IL-12 combination virotherapy in
humans, and may further improve our understanding of can-
cer immunology.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-021-02947-y.

Acknowledgements We thank M. Urio and M. Hemmi for assistance
in experiments. We thank members working in the animal facility in
Astellas Pharma Inc. Tsukuba Research Center for their support with
animal husbandry and experiments. We also thank M. Mori and T.
Yoshida for scientific discussion, and G. Koelsch and A. Saci for edit-
ing drafts of this manuscript.

Author Contributions SN supervised the study. MT and SN designed
the experiments. MT, MY, YA and SN performed the experiments. MT
and SN analyzed the data and prepared the manuscript. MY and YA
assisted the preparation of the manuscript. TN contributed technical
and material support.

Funding This research is funded by Astellas Pharma Inc.

Data availability All data associated with this study are present in the
paper or the Supplementary Materials. Correspondence and requests
for materials should be addressed to Shinsuke Nakao.


https://doi.org/10.1007/s00262-021-02947-y

Cancer Immunology, Immunotherapy (2021) 70:3557-3571

3569

Declarations

Conflict of interest MT, MY, YA and SN are employees of Astellas
Pharma Inc., Japan. TN and SN are inventors on a patent related to
recombinant oncolytic vaccinia viruses that was submitted by Astel-
las Pharma and Tottori University (U.S. Patent Publication No. US
2017/0340687, published 30 November 2017). All other authors de-
clare that they have no competing interests.

Ethical approval Mice were handled in accordance with the Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) guidelines, and under the approval of the Institutional
Animal Care and Use Committee of Astellas Pharma Inc., Tsukuba
Research Center. Animal source: Male C57BL/6 mice were purchased
from Charles River Laboratories Japan, Inc. (Kanagawa, Japan). Cell
line authentication: Rabbit kidney RK13 cells, human lung carcinoma
A549 cells and murine Lewis lung carcinoma (LLC) cells were pur-
chased from American Type Culture Collection (ATCC) who had
authenticated them.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA,
Haanen JB, Gonzalez R, Robert C, Schadendorf D, Hassel JC,
Akerley W, van den Eertwegh AJ, Lutzky J, Lorigan P, Vaubel
JM, Linette GP, Hogg D, Ottensmeier CH, Lebbe C, Peschel C,
Quirt I, Clark JI, Wolchok JD, Weber JS, Tian J, Yellin MJ, Nichol
GM, Hoos A, Urba WJ (2010) Improved survival with ipilimumab
in patients with metastatic melanoma. N Engl J Med 363(8):711-
723. https://doi.org/10.1056/NEJMoal003466

2. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC,
McDermott DF, Powderly JD, Carvajal RD, Sosman JA, Atkins
MB, Leming PD, Spigel DR, Antonia SJ, Horn L, Drake CG,
Pardoll DM, Chen L, Sharfman WH, Anders RA, Taube JM,
McMiller TL, Xu H, Korman AlJ, Jure-Kunkel M, Agrawal S,
McDonald D, Kollia GD, Gupta A, Wigginton JM, Sznol M
(2012) Safety, activity, and immune correlates of anti-PD-1 anti-
body in cancer. N Engl J Med 366(26):2443-2454. https://doi.org/
10.1056/NEJMo0a1200690

3. Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder
JP, Patnaik A, Aggarwal C, Gubens M, Horn L, Carcereny E,
Ahn MJ, Felip E, Lee JS, Hellmann MD, Hamid O, Goldman JW,
Soria JC, Dolled-Filhart M, Rutledge RZ, Zhang J, Lunceford
JK, Rangwala R, Lubiniecki GM, Roach C, Emancipator K, Gan-
dhi L (2015) Pembrolizumab for the treatment of non-small-cell
lung cancer. N Engl J Med 372(21):2018-2028. https://doi.org/
10.1056/NEJMoal501824

11.

12.

13.

14.

15.

Ribas A, Wolchok JD (2018) Cancer immunotherapy using check-
point blockade. Science (New York, NY) 359(6382):1350-1355.
https://doi.org/10.1126/science.aar4060

Galluzzi L, Chan TA, Kroemer G, Wolchok JD, Lopez-Soto A
(2018) The hallmarks of successful anticancer immunotherapy.
Sci Trans Med. https://doi.org/10.1126/scitranslmed.aat7807
Schmidt C (2017) The benefits of immunotherapy combina-
tions. Nature 552(7685):S67-s69. https://doi.org/10.1038/
d41586-017-08702-7

Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P,
Lao CD, Cowey CL, Schadendorf D, Wagstaff J, Dummer R, Fer-
rucci PF, Smylie M, Hogg D, Hill A, Marquez-Rodas I, Haanen
J, Guidoboni M, Maio M, Schoffski P, Carlino MS, Lebbe C,
McArthur G, Ascierto PA, Daniels GA, Long GV, Bastholt L,
Rizzo J1, Balogh A, Moshyk A, Hodi FS, Wolchok JD (2019)
Five-year survival with combined nivolumab and ipilimumab in
advanced melanoma. N Engl ] Med 381(16):1535-1546. https://
doi.org/10.1056/NEJMo0al910836

Linnemann C, Mezzadra R, Schumacher TN (2014) TCR reper-
toires of intratumoral T cell subsets. Immunol Rev 257(1):72-82.
https://doi.org/10.1111/imr.12140

Havel JJ, Chowell D, Chan TA (2019) The evolving landscape of
biomarkers for checkpoint inhibitor immunotherapy. Nat Rev Can-
cer 19(3):133-150. https://doi.org/10.1038/s41568-019-0116-x

. Scheper W, Kelderman S, Fanchi LF, Linnemann C, Bendle

G, de Rooij MAJ, Hirt C, Mezzadra R, Slagter M, Dijkstra K,
Kluin RJC, Snaebjornsson P, Milne K, Nelson BH, Zijlmans H,
Kenter G, Voest EE, Haanen J, Schumacher TN (2019) Low and
variable tumor reactivity of the intratumoral TCR repertoire in
human cancers. Nat Med 25(1):89-94. https://doi.org/10.1038/
s41591-018-0266-5

Riaz N, Havel JJ, Makarov V, Desrichard A, Urba WJ, Sims JS,
Hodi FS, Martin-Algarra S, Mandal R, Sharfman WH, Bhatia S,
Hwu W1J, Gajewski TF, Slingluff CL Jr, Chowell D, Kendall SM,
Chang H, Shah R, Kuo F, Morris LGT, Sidhom JW, Schneck JP,
Horak CE, Weinhold N, Chan TA (2017) Tumor and microenvi-
ronment evolution during immunotherapy with nivolumab. Cell
171(4):934-949.€916. https://doi.org/10.1016/j.cell.2017.09.028
Roh W, Chen PL, Reuben A, Spencer CN, Prieto PA, Miller JP,
Gopalakrishnan V, Wang F, Cooper ZA, Reddy SM, Gumbs C,
Little L, Chang Q, Chen WS, Wani K, De Macedo MP, Chen E,
Austin-Breneman JL, Jiang H, Roszik J, Tetzlaft MT, Davies MA,
Gershenwald JE, Tawbi H, Lazar AJ, Hwu P, Hwu W], Diab A,
Glitza IC, Patel SP, Woodman SE, Amaria RN, Prieto VG, Hu
J, Sharma P, Allison JP, Chin L, Zhang J, Wargo JA, Futreal PA
(2017) Integrated molecular analysis of tumor biopsies on sequen-
tial CTLA-4 and PD-1 blockade reveals markers of response and
resistance. Sci Trans Med. https://doi.org/10.1126/scitranslmed.
aah3560

Twyman-Saint Victor C, Rech AJ, Maity A, Rengan R, Pauken
KE, Stelekati E, Benci JL, Xu B, Dada H, Odorizzi PM, Herati
RS, Mansfield KD, Patsch D, Amaravadi RK, Schuchter LM, Ish-
waran H, Mick R, Pryma DA, Xu X, Feldman MD, Gangadhar
TC, Hahn SM, Wherry EJ, Vonderheide RH, Minn AJ (2015)
Radiation and dual checkpoint blockade activate non-redundant
immune mechanisms in cancer. Nature 520(7547):373-3717.
https://doi.org/10.1038/nature 14292

Rudqvist NP, Pilones KA, Lhuillier C, Wennerberg E, Sidhom
JW, Emerson RO, Robins HS, Schneck J, Formenti SC, Dema-
ria S (2018) Radiotherapy and CTLA-4 blockade shape the TCR
repertoire of tumor-infiltrating T cells. Cancer Immunol Res
6(2):139-150. https://doi.org/10.1158/2326-6066.cir-17-0134
Nakao S, Arai Y, Tasaki M, Yamashita M, Murakami R, Kawase
T, Amino N, Nakatake M, Kurosaki H, Mori M, Takeuchi M,
Nakamura T (2020) Intratumoral expression of IL-7 and IL-12
using an oncolytic virus increases systemic sensitivity to immune

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1056/NEJMoa1501824
https://doi.org/10.1056/NEJMoa1501824
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1126/scitranslmed.aat7807
https://doi.org/10.1038/d41586-017-08702-7
https://doi.org/10.1038/d41586-017-08702-7
https://doi.org/10.1056/NEJMoa1910836
https://doi.org/10.1056/NEJMoa1910836
https://doi.org/10.1111/imr.12140
https://doi.org/10.1038/s41568-019-0116-x
https://doi.org/10.1038/s41591-018-0266-5
https://doi.org/10.1038/s41591-018-0266-5
https://doi.org/10.1016/j.cell.2017.09.028
https://doi.org/10.1126/scitranslmed.aah3560
https://doi.org/10.1126/scitranslmed.aah3560
https://doi.org/10.1038/nature14292
https://doi.org/10.1158/2326-6066.cir-17-0134

3570

Cancer Immunology, Immunotherapy (2021) 70:3557-3571

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

checkpoint blockade. Sci Trans Med. https://doi.org/10.1126/scitr
anslmed.aax7992

. Russell SJ, Barber GN (2018) Oncolytic viruses as antigen-agnos-

tic cancer vaccines. Cancer Cell 33(4):599-605. https://doi.org/
10.1016/j.ccell.2018.03.011

Lasek W, Zagozdzon R, Jakobisiak M (2014) Interleukin 12: still
a promising candidate for tumor immunotherapy? Cancer Immu-
nol Immunother CII 63(5):419-435. https://doi.org/10.1007/
$00262-014-1523-1

Gao J, Zhao L, Wan YY, Zhu B (2015) Mechanism of action
of IL-7 and Its potential applications and limitations in cancer
immunotherapy. Int J Mol Sci 16(5):10267-10280. https://doi.
org/10.3390/ijms 160510267

Sato-Kaneko F, Yao S, Ahmadi A, Zhang SS, Hosoya T, Kaneda
MM, Varner JA, Pu M, Messer KS, Guiducci C, Coffman RL,
Kitaura K, Matsutani T, Suzuki R, Carson DA, Hayashi T, Cohen
EE (2017) Combination immunotherapy with TLR agonists
and checkpoint inhibitors suppresses head and neck cancer. JCI
Insight. https://doi.org/10.1172/jci.insight.93397

Ewing B, Green P (1998) Base-calling of automated sequencer
traces using phred. II Error Probab Genome Res 8(3):186-194
Faltynek CR, Wang S, Miller D, Young E, Tiberio L, Kross
K, Kelley M, Kloszewski E (1992) Administration of human
recombinant IL-7 to normal and irradiated mice increases the
numbers of lymphocytes and some immature cells of the mye-
loid lineage. J Immunol 149(4):1276-1282

Lechner MG, Karimi SS, Barry-Holson K, Angell TE, Murphy
KA, Church CH, Ohlfest JR, Hu P, Epstein AL (2013) Immuno-
genicity of murine solid tumor models as a defining feature of
in vivo behavior and response to immunotherapy. J Immunother
36(9):477-489. https://doi.org/10.1097/01.¢ji.0000436722.
46675.4a

Bertrand F, Montfort A, Marcheteau E, Imbert C, Gilhodes J,
Filleron T, Rochaix P, Andrieu-Abadie N, Levade T, Meyer N,
Colacios C, Segui B (2017) TNFalpha blockade overcomes
resistance to anti-PD-1 in experimental melanoma. Nat Com-
mun 8(1):2256. https://doi.org/10.1038/s41467-017-02358-7
Yonekawa A, Saijo S, Hoshino Y, Miyake Y, Ishikawa E, Suzu-
kawa M, Inoue H, Tanaka M, Yoneyama M, Oh-Hora M, Akashi
K, Yamasaki S (2014) Dectin-2 is a direct receptor for man-
nose-capped lipoarabinomannan of mycobacteria. Immunity
41(3):402—413. https://doi.org/10.1016/j.immuni.2014.08.005
Nolan KF, Strong V, Soler D, Fairchild PJ, Cobbold SP, Croxton
R, Gonzalo JA, Rubio A, Wells M, Waldmann H (2004) IL-
10-conditioned dendritic cells, decommissioned for recruitment
of adaptive immunity, elicit innate inflammatory gene products
in response to danger signals. J Immunol 172(4):2201-2209.
https://doi.org/10.4049/jimmunol.172.4.2201

Bhavsar I, Miller CS, Al-Sabbagh M (2015) Macrophage
inflammatory protein-1 alpha (MIP-1 alpha)/CCL3: as a bio-
marker. In: Preedy VR, Patel VB (eds) General methods in bio-
marker research and their applications. Springer, Netherlands,
Dordrecht, pp 223-249

Schmid ET, Pang IK, Carrera Silva EA, Bosurgi L, Miner
JJ, Diamond MS, Iwasaki A, Rothlin CV (2016) AXL recep-
tor tyrosine kinase is required for T cell priming and antiviral
immunity. eLife. https://doi.org/10.7554/eLife.12414
Sivanandam V, LaRocca CJ, Chen NG, Fong Y, Warner SG
(2019) Oncolytic viruses and immune checkpoint inhibition:
the best of both worlds. Mole Ther Oncol 13:93-106. https://
doi.org/10.1016/j.0mt0.2019.04.003

de Graaf JF, de Vor L, Fouchier RAM, van den Hoogen BG
(2018) Armed oncolytic viruses: a kick-start for anti-tumor
immunity. Cytokine Growth Factor Rev 41:28-39. https://doi.
org/10.1016/j.cytogfr.2018.03.006

@ Springer

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tugues S, Burkhard SH, Ohs I, Vrohlings M, Nussbaum K, Vom
Berg J, Kulig P, Becher B (2015) New insights into IL-12-me-
diated tumor suppression. Cell Death Differ 22(2):237-246.
https://doi.org/10.1038/cdd.2014.134

Patel DM, Foreman PM, Nabors LB, Riley KO, Gillespie GY,
Markert JM (2016) Design of a phase I clinical trial to evalu-
ate M032, a genetically engineered HSV-1 expressing IL-12,
in patients with recurrent/progressive glioblastoma multiforme,
anaplastic astrocytoma, or gliosarcoma. Hum Gene Ther Clin
Dev 27(2):69-78. https://doi.org/10.1089/humc.2016.031
Barrett JA, Cai H, Miao J, Khare PD, Gonzalez P, Dalsing-
Hernandez J, Sharma G, Chan T, Cooper LIN, Lebel F (2018)
Regulated intratumoral expression of IL-12 using a RheoSwitch
therapeutic system(®) (RTS(®)) gene switch as gene therapy for
the treatment of glioma. Cancer Gene Ther 25(5-6):106-116.
https://doi.org/10.1038/s41417-018-0019-0

Vom Berg J, Vrohlings M, Haller S, Haimovici A, Kulig P,
Sledzinska A, Weller M, Becher B (2013) Intratumoral 1L-12
combined with CTLA-4 blockade elicits T cell-mediated glioma
rejection. J Exp Med 210(13):2803-2811. https://doi.org/10.
1084/jem.20130678

McMichael EL, Benner B, Atwal LS, Courtney NB, Mo X, Davis
ME, Campbell AR, Duggan MC, Williams K, Martin K, Levine
K, Olaverria Salavaggione GN, Noel T, Ganju A, Uppati S, Paul
B, Olencki T, Teknos TN, Savvides P, Tridandapani S, Byrd JC,
Caligiuri MA, Liu SV, Carson WE 3rd (2019) A Phase I/II trial
of cetuximab in combination with interleukin-12 administered to
patients with unresectable primary or recurrent head and neck
squamous cell carcinoma. Clin Cancer Res Off J Am Assoc Can-
cer Res 25(16):4955-4965. https://doi.org/10.1158/1078-0432.
cer-18-2108

Schluns KS, Kieper WC, Jameson SC, Lefrancgois L (2000) Inter-
leukin-7 mediates the homeostasis of naive and memory CD8 T
cells in vivo. Nat Immunol 1(5):426-432. https://doi.org/10.1038/
80868

Carrio R, Rolle CE, Malek TR (2007) Non-redundant role for
IL-7R signaling for the survival of CD8+ memory T cells. Eur
J Immunol 37(11):3078-3088. https://doi.org/10.1002/eji.20073
7585

Belarif L, Mary C, Jacquemont L, Mai HL, Danger R, Hervouet J,
Minault D, Thepenier V, Nerriére-Daguin V, Nguyen E, Pengam
S, Largy E, Delobel A, Martinet B, Le Bas-Bernardet S, Brouard
S, Soulillou JP, Degauque N, Blancho G, Vanhove B, Poirier N
(2018) IL-7 receptor blockade blunts antigen-specific memory T
cell responses and chronic inflammation in primates. Nat Com-
mun 9(1):4483. https://doi.org/10.1038/s41467-018-06804-y
Mehrotra PT, Grant AJ, Siegel JP (1995) Synergistic effects
of IL-7 and IL-12 on human T cell activation. J Immunol
154(10):5093-5102

Vogt TK, Link A, Perrin J, Finke D, Luther SA (2009)
Novel function for interleukin-7 in dendritic cell develop-
ment. Blood 113(17):3961-3968. https://doi.org/10.1182/
blood-2008-08-176321

Saini M, Pearson C, Seddon B (2009) Regulation of T cell-
dendritic cell interactions by IL-7 governs T cell activation and
homeostasis. Blood 113(23):5793-5800. https://doi.org/10.1182/
blood-2008-12-192252

Sportes C, Hakim FT, Memon SA, Zhang H, Chua KS, Brown
MR, Fleisher TA, Krumlauf MC, Babb RR, Chow CK, Fry TJ,
Engels J, Buffet R, Morre M, Amato RJ, Venzon DJ, Korngold R,
Pecora A, Gress RE, Mackall CL (2008) Administration of rhIL-7
in humans increases in vivo TCR repertoire diversity by prefer-
ential expansion of naive T cell subsets. J] Exp Med 205(7):1701—
1714. https://doi.org/10.1084/jem.20071681

Sportes C, Babb RR, Krumlauf MC, Hakim FT, Steinberg
SM, Chow CK, Brown MR, Fleisher TA, Noel P, Maric I,


https://doi.org/10.1126/scitranslmed.aax7992
https://doi.org/10.1126/scitranslmed.aax7992
https://doi.org/10.1016/j.ccell.2018.03.011
https://doi.org/10.1016/j.ccell.2018.03.011
https://doi.org/10.1007/s00262-014-1523-1
https://doi.org/10.1007/s00262-014-1523-1
https://doi.org/10.3390/ijms160510267
https://doi.org/10.3390/ijms160510267
https://doi.org/10.1172/jci.insight.93397
https://doi.org/10.1097/01.cji.0000436722.46675.4a
https://doi.org/10.1097/01.cji.0000436722.46675.4a
https://doi.org/10.1038/s41467-017-02358-7
https://doi.org/10.1016/j.immuni.2014.08.005
https://doi.org/10.4049/jimmunol.172.4.2201
https://doi.org/10.7554/eLife.12414
https://doi.org/10.1016/j.omto.2019.04.003
https://doi.org/10.1016/j.omto.2019.04.003
https://doi.org/10.1016/j.cytogfr.2018.03.006
https://doi.org/10.1016/j.cytogfr.2018.03.006
https://doi.org/10.1038/cdd.2014.134
https://doi.org/10.1089/humc.2016.031
https://doi.org/10.1038/s41417-018-0019-0
https://doi.org/10.1084/jem.20130678
https://doi.org/10.1084/jem.20130678
https://doi.org/10.1158/1078-0432.ccr-18-2108
https://doi.org/10.1158/1078-0432.ccr-18-2108
https://doi.org/10.1038/80868
https://doi.org/10.1038/80868
https://doi.org/10.1002/eji.200737585
https://doi.org/10.1002/eji.200737585
https://doi.org/10.1038/s41467-018-06804-y
https://doi.org/10.1182/blood-2008-08-176321
https://doi.org/10.1182/blood-2008-08-176321
https://doi.org/10.1182/blood-2008-12-192252
https://doi.org/10.1182/blood-2008-12-192252
https://doi.org/10.1084/jem.20071681

Cancer Immunology, Immunotherapy (2021) 70:3557-3571

3571

43.

44,

Stetler-Stevenson M, Engel J, Buffet R, Morre M, Amato RJ,
Pecora A, Mackall CL, Gress RE (2010) Phase I study of recom-
binant human interleukin-7 administration in subjects with refrac-
tory malignancy. Clin Cancer Res Off ] Am Assoc Cancer Res
16(2):727-735. https://doi.org/10.1158/1078-0432.ccr-09-1303
Inoue H, Park JH, Kiyotani K, Zewde M, Miyashita A, Jinnin M,
Kiniwa Y, Okuyama R, Tanaka R, Fujisawa Y, Kato H, Morita
A, Asai J, Katoh N, Yokota K, Akiyama M, Thn H, Fukushima
S, Nakamura Y (2016) Intratumoral expression levels of PD-L1,
GZMA, and HLA-A along with oligoclonal T cell expansion
associate with response to nivolumab in metastatic melanoma.
Oncoimmunology 5(9):e1204507. https://doi.org/10.1080/21624
02x.2016.1204507

Reuben A, Spencer CN, Prieto PA, Gopalakrishnan V, Reddy
SM, Miller JP, Mao X, De Macedo MP, Chen J, Song X, Jiang
H, Chen PL, Beird HC, Garber HR, Roh W, Wani K, Chen E,
Haymaker C, Forget MA, Little LD, Gumbs C, Thornton RL,
Hudgens CW, Chen WS, Austin-Breneman J, Sloane RS, Nezi L,
Cogdill AP, Bernatchez C, Roszik J, Hwu P, Woodman SE, Chin
L, Tawbi H, Davies MA, Gershenwald JE, Amaria RN, Glitza IC,
Diab A, Patel SP, Hu J, Lee JE, Grimm EA, Tetzlaff MT, Lazar

45.

AJ, Wistuba II, Clise-Dwyer K, Carter BW, Zhang J, Futreal PA,
Sharma P, Allison JP, Cooper ZA, Wargo JA (2017) Genomic and
immune heterogeneity are associated with differential responses to
therapy in melanoma. NPJ Genom Med. https://doi.org/10.1038/
$41525-017-0013-8

Forde PM, Chaft JE, Smith KN, Anagnostou V, Cottrell TR, Hell-
mann MD, Zahurak M, Yang SC, Jones DR, Broderick S, Bat-
tafarano RJ, Velez MJ, Rekhtman N, Olah Z, Naidoo J, Marrone
KA, Verde F, Guo H, Zhang J, Caushi JX, Chan HY, Sidhom JW,
Scharpf RB, White J, Gabrielson E, Wang H, Rosner GL, Rusch
V, Wolchok JD, Merghoub T, Taube JM, Velculescu VE, Topalian
SL, Brahmer JR, Pardoll DM (2018) Neoadjuvant PD-1 block-
ade in resectable lung cancer. N Engl J Med 378(21):1976-1986.
https://doi.org/10.1056/NEJMoal 716078

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1158/1078-0432.ccr-09-1303
https://doi.org/10.1080/2162402x.2016.1204507
https://doi.org/10.1080/2162402x.2016.1204507
https://doi.org/10.1038/s41525-017-0013-8
https://doi.org/10.1038/s41525-017-0013-8
https://doi.org/10.1056/NEJMoa1716078

	IL-7 coupled with IL-12 increases intratumoral T cell clonality, leading to complete regression of non-immunogenic tumors
	Abstract
	Introduction
	Materials and methods
	Recombinant viruses
	Mice and cell lines
	Syngeneic mouse model using Lewis lung carcinoma
	Flow cytometry analysis
	NanoString gene expression analysis
	TCR repertoire analysis
	Tumor rechallenge study
	Real-time PCR
	Statistical analysis

	Results
	IL-7 together with IL-12 increased infiltration of activated T cells in poorly immunogenic tumors
	IL-7 shows opposite effects in facilitating clonality of intratumoral CD8+ T cells with and without IL-12
	Local expression of IL-7 and IL-12 systemically affects TCR repertoire

	Discussion
	Acknowledgements 
	References




