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ABSTRACT

Background Interleukin-18 (IL-18), or interferon (IFN)-
y-inducing factor, potentiates T helper 1 and natural

killer cell activation as well as CD8* T-cell proliferation.
Recombinant IL-18 has displayed limited clinical efficacy
in part due to the expression of the decoy receptor, IL-18
binding protein (IL-18BP). A series of IL-18 variants that
are devoid of IL-18BP binding, termed DR18 (decoy-
resistant IL-18), was developed via directed evolution. We
tested DR18 using oncolytic adenovirus (0Ad) as a platform
for delivery in syngeneic mouse tumor models.

Methods 0Ad harboring wild-type IL-18 or DR18
(0AdDR18) was constructed by inserting IL-18 mutant
into modified 0Ad backbone with Ad5/3 chimeric fiber.
The delivery effect and IFN-y induction were determined
by ELISA. The antitumor efficiency of 0AdDR18 was
tested in CT26, B16BL6 and 4T1 tumor-bearing mice, or
athymic nude mice and compared with recombinant DR18
protein (rDR18). 4T1 lung metastasis model was used

to evaluate the antitumor efficiency of local and distant
tumors. Antitumor memory and synergistic effect with an
anti-programmed cell death protein-1 (PD-1) antibody was
evaluated. The phenotypes of the immune cells in tumor
microenvironment were analyzed by flow cytometry and
immunohistochemistry.

Results Mice received 0AdDR18 maintained stable
production of IL-18 and IFN-y compared with those
received rDR18. Intratumoral delivery of 0AdDR18
significantly reduced tumor growth across several tumor
models, but not in the athymic nude mouse model. Mice
that had tumor remission showed antitumor memory.
The antitumor effect was associated with intratumor
infiltration of CD4* and CD8* T cells. DR18 delivered by
0Ad demonstrated long-lasting and enhanced antitumor
activities against local and distant tumors compared with
that received rDR18 or wild-type IL-18 delivered by oAd
(0AdwtlL-18). 0AdDR18 treatment also reduced 4T1 lung
metastasis. In addition, combination of this virotherapy
with immune checkpoint inhibitors (ICls)

like the anti-PD-1 antibody further enhanced the
antitumor activity as compared with respective
monotherapy.

Conclusions 0AdDR18 demonstrates enhanced
antitumor activities through the induction of stronger
local and system immunities and modulation of the tumor
microenvironment compared with those of oAdwtlL-18
and rDR18. A combination of oncolytic virotherapy with
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Cytokines are potentially important therapeutics but
display short half-lives and toxicity associated with
systemic delivery.

WHAT THIS STUDY ADDS

= An oncolytic virotherapy approach that delivers an
interleukin (IL)-18 variant (decoy-resistant IL-18) to
foster long-lasting and systemic tumor immunity.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Cytokine re-engineering combined with virother-
apy will broaden cytokine application for targeting
therapy.

cytokine engineering would lead to cytokine-based
therapeutics for cancer and other diseases.

BACKGROUND

Cytokines produced by a variety of cells act
as regulators of innate and adaptive immu-
nity, making them attractive as therapeutics
for a variety of immune-related disorders,
including cancer.' * “Designer” cytokines
with tailored biological activities, can enable
precise activation of antitumor immune
programs.” Interleukin-18 (IL-18), origi-
nally identified as interferon (IFN)-gamma-
inducing factor, induces IFN-y secretion, thus
enhancing the T helper 1 (Thl) immune
response while activating natural killer and
cytotoxic T cells.*

IL-18 has been proven to enhance immu-
nity against several kinds of tumors, including
melanoma and liver cancer since IL-18
directly activates CD8" T cells and upregu-
lates cytotoxic activity.” Recent studies using
mouse tumor models have demonstrated the
feasibility of using IL-18 as cancer immuno-
therapy,® 7 yet clinical trials have not shown
the efficacy of this treatment due to rapid
pharmacokinetic clearance of rIL-18% and the
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induction of secreted IL-18-binding protein (IL-18BP), a
physiological inhibitor of IL-18, on IL-18 stimulation.”™
Abundant expression of IL-18BP is common in cancer.
IL-18BP levels are elevated in the circulation of patients
with non-small cell lung cancer and increased further
by anti-programmed cell death protein-1 (PD-1) or anti-
programmed death-ligand 1 treatment.'" IL-18BP can
present at a 20-fold molar excess to that of IL-18 in the
serum.'? In patients treated with rIL-18, serum IL-18BP
concentrations increased by 10-fold to 100-fold.” Since
IL-18BP has an exceptionally high affinity to IL-18 (at
approximately 10,000 times higher affinity) compared
with that of the target IL-18Ra," the combined molar
excess and high affinity represent a major therapeutic
barrier, essentially blocking IL-18 activity in vivo.
Bioengineering efforts have yielded new technologies
for cytokine engineering.!’ ' * To improve the effect of
IL-18 in vitro and in vivo, one approach which has been
used is to introduce amino acid alterations which do not
influence target receptor binding or affinity, yet which
render IL-18 unable to bind to IL-18BP.'® Site-directed
mutagenesis studies demonstrated that mutants could
be isolated which had increased IL-18 to IL-18R binding
affinity and enhanced IFN-y-inducing ability and anti-
tumor activity.'” '® Directed evolution approaches yielded
a series of “decoy-resistant” IL-18s (DR18s) that maintain
signaling potential but are impervious to inhibition by
IL-18BP."' Recombinant DR18 maintained activity in vivo,
and elicited potent antitumor effects in mouse tumor
models through expanding the pool of stem-like TCF1*
precursor CD8" T cells."' " Thus, an IL-18 protein that
is refractory to control by IL-18BP displays the potent
proinflammatory effects of IL-18 on both the innate and
adaptive immune system, yielding an antitumor effect.'®*’
Recombinant cytokines typically exhibit short blood
half-lives, and studies from Glaxo Smith Kline demonstrate
that rIL-18 is not an exception.® Severe side effects asso-
ciated with dosing can also reduce therapeutic utility.*'
For these reasons, we adapted a strategy of sustained,
but ultimately self-terminating, local expression via the
incorporation of DRI18 into an oncolytic viral platform.
Broadly, oncolytic viruses selectively cause cancer cell
lysis due to their lack of replicative checkpoints. This type
of cell death is immunogenic, and oncolytic viruses are
considered to be an arm of cancer immunotherapy.***
Oncolytic adenovirus (0Ad) is a commonly used plat-
form for cancer immunotherapy owing to the flexibility
of incorporating a genetic payload, thus providing a
multimodal strategy to selectively and efficiently target
and destroy tumor cells.?* ** 27 Additionally, the Adeno-
viridae are a non-enveloped double-stranded DNA virus
that induce robust cell-mediated immune responses,
including the production of cytokines. Notably, 1L-12,
which synergizes with IL-18 for IFN-y production,® is
naturally induced by Ad infection,” thus skewing tumor-
reactive T-cell responses.”
We constructed an oAd harboring this decoy-resistant
DRI18 variant (0AdDR18) and tested its antitumor effect

in syngeneic mouse tumor models. We found that intra-
tumoral delivery of oAdDRI18 reduced tumor growth on
multiple tumor models and improved tumor-infiltrating
T lymphocytes (TILs). In addition, oAdDRI8 showed
local and systemic antitumor effect and lasting antitumor
effect. Combining this virotherapy with anti-PD-1 antibody
further increased the antitumor activity as compared with
virotherapy alone. The work demonstrates that recombi-
nant adenovirus armed with engineered cytokines can be
a powerful platform to improve antitumor activities.

MATERIALS AND METHODS

Ethics statement

Protocols for animal experiments were approved by
the Animal Experimental Ethics Committee of Nanjing
University (Approval no. D2202080) in compliance with
the government guidelines for the care and use of labo-
ratory animals.

Cell lines

Mouse and human cell lines of CT26, B16BL6, 4T1, A549,
and HEK293 were purchased from ATCC (Manassas,
USA) or from Chinese CellBank (Shanghai). The cell
lines were cultured under recommended conditions.

Construction and preparation of oncolytic adenoviruses

The viruses were constructed using a 2-plasmid system
by homologous recombination in Escherichia coli strain
BJ5183.”* The backbone plasmid contained a chimeric
fiber of Adb shaft and Ad3 knob (Adb5/3) for enhanced
targeting of tumor cells.”* A shuttle vector, pShut-
tleE1d24, which contains an E2F promoter for E1A tran-
scription and a designated 24bp deletion in the CR2
region of EIA for tumor cell-specific replication,gs_37
was constructed. In brief, a complementary DNA for
wild-type IL-18 (wtIL-18) (accession Y09278, corre-
sponding to amino acid residues 36-192 of mouse IL-18,
NP_032386.1) or the CS2 mutant of DR18 identified by
Zhou and colleagues11 was inserted into the El region
of pShuttleE1d24. IL-18 lacks a signal peptide, a feature
common to the IL-1 family, whose release or maturation
requires caspase-1 processing. We used a human albumin
signal peptide fused to a mature form of IL-18 for protein
secretion. The expression was under the control of human
cytomegalovirus (CMV) immediate early enhancer and
promoter. The vector was linearized by digestion with
Pme I (NEB, R0560V), then transformed into B]5183 with
the backbone vector pAdb/3 to generate pAd-E2F-d24-
wtlL-18 or DR18 by homologous recombination. Simi-
larly, a control plasmid (pAd-E2F-d24) without a DNA
insert was prepared. To produce the virus, the plasmids
were linearized with Pac I (NEB) and transfected into
HEK293 cells. The viruses (named oAd, wtlL-18 deliv-
ered by oAd (oAdwtlL-18) and oAdDRI1S, respectively)
were confirmed by sequencing analysis for the inserted
DNA and by ELISA assay for the secreted protein. The
viruses were propagated in HEK293 cells and purified by

2

Cheng Y, et al. J Immunother Cancer 2024;12:€009716. doi:10.1136/jitc-2024-009716



ultracentrifugation using a CsCl gradient.” Virus concen-
trations were determined by measuring the absorbance
at OD260 with NanoDrop 2000 (Thermo) and converted
into viral particles using a coefficient of 1 OD260=1.1x10"
vp/mL for conversion.™

Preparation of recombinant IL-18 proteins

DNA encoding murine IL-18 (accession Y09278.1) and
mutants were synthesized by GenScript (Nanjing) and
cloned into pET-21a(+) for expression as C-terminal 6X
HIS-tagged proteins in E. coli BL21 (DE3) Rosetta strain
(Fisher Scientific, #70954-3). For protein expression,
freshly prepared bacterial clones were induced with
0.5mM IPTG for protein expression at 16°C for 20 hours
on an orbital shaker (200rpm). The bacteria were
collected by centrifugation and were then resuspended
in 30mL buffer A (1 M NaCl, 10mM imidazole, 10 mM
Tris-HCl, pH 8.0). After sonication for six intervals of
30s-on and 90s-off cycle, the cells were further lysed on ice
with 0.5% Triton-100 and 0.1 mg/mL lysozyme (Sigma-
Aldrich). The supernatants were collected and incubated
with pre-equilibrated 1mL high-affinity Ni-NTA Resin
(GenScript, #L00250) for protein purification by washing
with buffer B (1 M NaCl, 10mM Tris-HCI, pH 8.0) with
increased concentrations of imidazole (from 20 mM to
50mM imidazole). The target protein was eluted with
buffer C (1 M NaCl, 200mM imidazole, 10 mM Tris-HCI,
pH 8.0). After analysis by SDS-PAGE, the target protein
was pooled and dialyzed against ice-cold phosphate-
buffered saline (PBS). After taking concentrations with a
Bradford reagent (Bio-Rad, #5000205), the proteins were
lyophilized and stored at —80°C.

Preclinical studies

Female C57BL/6 mice, BALB/c and athymic nude mice
(6-8 weeks of age) were purchased from SPF (Beijing)
Biotechnology and were quarantined for 1week. Animals
were housed under specific pathogen-free condi-
tions. Tumors were grown via a subcutaneous inocula-
tion of CT26 or 4T1 (5><105€ells/mouse), or B16BL6
(2x10° cells/mouse) cells. Tumor volume was measured
and calculated by the formula of lengthxwidth®x0.5.
When the tumor volume reached lOOmms, mice were
randomized into groups. Viral suspensions (1x10' viral
particles/dose) in 50 pL. PBS were intratumorally injected
every other day for a total of five doses. Phosphate-
buffered saline alone was considered “mock” treatment.
The animals were euthanized when signs of deteriora-
tion, acute weight loss, or maximum tumor volume of
2,000mm® were observed. Mice were defined as having
achieved complete regression (CR) when the tumor was
no longer detected by palpation. To compare the local
versus global effect of 0AdDRI18 and recombinant DR18
protein (rDR18), a bilateral tumor model was used. CT26
cells (5x10° cells per injection site) were subcutaneously
inoculated into the right and left flanks at the same time.
When tumors reached about 100 mmg, the tumor on the
left flank was treated.

For lung metastasis,"” 4T1 cells were subcutaneously
implanted in the rear flank. After tumor establishment
(approximately 300mm?), 4T1-Luc cells (5x10°) were
injected via the tail vein and luminescence was captured
at 2hours post intravenous injection to assess 4T1-Luc
cell distribution. The next day, PBS, rDR18 (0.32mg/
kg), oAdDRI8 (1x10" VPs/dose) was injected intratu-
morally, with dosing repeated on days 3, 5, 7, and 9. On
day 10, tumor cell metastasis to the lung was assessed
first by in vivo imaging, then mice were harvested and
tumor distribution was determined by flow cytometry of
digested tissues and by parallel H&E staining of excised
lung specimens.

To  compare  0oAdDR18  monotherapy  with
0AdDR18+anti-PD-1 combination therapy, mice were
treated, after establishment of CT26, as follows: For
the oAdDR18 monotherapy group, 1x10' VPs/dose
were administered on day 1, 3, 5, 7 and 9, for PD-1
monotherapy group, a 100pg/dose of anti-mouse PD-1
antibody (A2122, Selleck, China)was administered intra-
peritoneally on day 2, 4, 6, 8, 10, and for combination
therapy by intratumoral injections of cAdDR18 or PBS
on day 1, 3, 5, 7 and 9 and intraperitoneal injections with
anti-PD-1 on day 2, 4, 6, 8, 10.

ELISA and ELISpot assays

IL-18 secretion was measured using an ELISA kit (SinoBi-
ological, KIT50073). Briefly, human A549 or mouse CT26
cells in 96-well plates (1x10* cells/well) were infected
with 0cAdDRI18 or with control oAd at different virus
particles per cell. Culture supernatants were collected at
72hours post the infection. The concentration of IL-18
in the supernatants was quantitatively determined using
a mouse IL-18 ELISA kit with a detection limit of 5.5pg/
mL.

To demonstrate IL-18 production in a tumor setting,
mice bearing CT26 tumors (approximately 300 mm”)
were intratumorally injected with rDRI18 (0.32mg/kg),
with oAdDR18 (l><101° VPs/mouse, n=3), or with PBS as a
control. Mouse blood was collected prior to, and at day 1
and 3 post injection, for measurement of IL-18 and IFN-y
production with Mouse IL-18 and Mouse IFN-y (KE10001,
Proteintech) ELISA Kits.

To assess the specific antitumor immune response elic-
ited by oAdDR18, IFN-y cytokine secretion was detected
according to the enzyme-linked immunospot (ELISpot)
kit protocol (DAKEWE, DKW22-2000-096). Mouse
spleens from PBS, oAd, oAdwtIL-18, or oAdDR18-treated
groups were aseptically harvested and isolated. Red blood
cells were removed using Red Blood Cell Lysis Solution
(Beyotime, Shanghai). The splenocytes (5x10° cells/well)
were co-cultured with CT26 or 4T1 cells lysate (corre-
sponding with 5x10% cells/well, 4T1 cells as a control) ata
ratio of 10:1 and incubated for 24 hours at 37°C, 5% CO,
for in RPMI 1640 medium. Spots were analyzed using
the Mabtech IRIS FluoroSpot/ELISpot reader (Mabtech
AB).

Cheng Y, et al. J Immunother Cancer 2024;12:e009716. doi:10.1136/jitc-2024-009716
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Table 1 Summary of antibodies used for the study reagent or resource

CD45 monoclonal antibody (30-F11), PE-Cyanine?
CD3 monoclonal antibody (17A2), FITC

CD8a monoclonal antibody (53-6.7), PE
Anti-granzyme B antibody (NGZB), FITC
Anti-IFN-y antibody (XMG1.2), PerCP-Cyanine5.5
Anti-mouse CD3g antibody, PerCP

Anti-mouse F4/80 antibody, Alexa Fluor 647
Anti-mouse CD86 antibody, PerCP
Anti-mouse/human CD11b antibody, FITC
anti-mouse TCF-1, Alexa Fluor 647

eBioscience cat # 25-0451-82
eBioscience cat # 11-0032-82
eBioscience cat # 12-0081-82
eBioscience cat # 11-8898-82
eBioscience cat # 45-7311-80
BioLegend cat # 100325
BioLegend cat # 123121
BioLegend cat # 105025
BioLegend cat # 101205

BD Biosciences cat # 566693

ELISpot, Enzyme-linked Immunosorbent Spot; i.p, Intraperitoneal; i.t, Intratumoral; MOI, Multiplicity of Infection; PBMC, Peripheral Blood

Mononuclear Cell.

Flow cytometry

For tumor microenvironment (TME) analysis, tumor or
tissue samples were collected and dispersed into single-
cell suspensions for flow cytometry analysis. In brief,
tumor tissues were cut into small pieces, then resus-
pended in Dulbecco's Modified Eagle Medium (DMEM)
and digested with 200 pg/mL DNase I and 1 mg/mL type
I collagenase (Sigma-Aldrich) at 37°C for 30 min. After
a brief pipetting, the cells were passed through a cell
strainer to make a single-cell suspension.

The cells were stained with appropriate antibodies,
while Fixable Viability Dye eFluor 780 (eBioscience,
65086514) was used to distinguish the live cells from the
dead cells. Data were acquired on a BD FACSAria III flow
cytometer and analyzed using FlowJo software. Antibodies
are listed in the key resources table (table 1).

RNA extraction and RT-qPCR

Total RNA from tumor tissues was extracted with Total RNA
Extraction Reagent Kit (R401-01, Vazyme) and reversed
transcribed with HiScript III RT SuperMix (R323-01,
Vazyme) and PCR was performed on an ABI Viia 7 PCR
system (Thermo Scientific) using Cham(Q) SYBR Color
qPCR Master reagent mix (Q411, Vazyme). DR18 trans-
gene expression was quantitatively measured by reverse
transcription quantitative real-time PCR (RT-qPCR) using
the following primers: 5-GCACCACCGCGGTGATCAG
(forward) and 5-GGTCTGCGGTTCGCTCGCG
(reverse). The standard curve was generated using the
corresponding DNA as a template for quantification and
genome copies/mg tissue was plotted.

Histopathology analysis

Tumor tissues for histopathological analysis were fixed
in 4% paraformaldehyde, processed for embedding in
paraffin. The samples were sectioned (5bpm thick) and
then stained with H&E or immunostained after de-par-
affinization and rehydration. For immunohistochem-
istry, antigen retrieval was performed at 90°C for 20 min
according to the manufacturer’s suggestions. The anti-
bodies for mouse CD3 (ServiceBio, Wuhan, GB13014-50),

CD4 (GB11064-100), CD8 (GB114196-100) were used
for immunostaining. After incubation with appropriate
secondary antibody, followed by staining with 3,3’-diam-
inobenzidine (Beyotime) chromogen and hematoxylin
counterstain, the samples visualized, and digital images
were acquired using an APEXVIEW APX100 system
(Olympus). Five randomly selected fields were digitally
captured and positively stained cells were quantified
using Image] software.

Statistical analysis

The statistical significance was determined by one-way
analysis of variance tests. A comparison of multiple
groups was performed by analysis of least significant
difference (LSD) test. *p<0.05; **p<0.01. Kaplan-Meier
survival studies used the web Kaplan-Meier plot utility
(https://kmplot.com/analysis/) using all patients in
the breast cancer and colon cancer curated cohorts."!
The immunotherapy-treated cohort (all cancers) was
stratified to analyze only patients treated with anti-PD-1.
Groups were automatically segregated based on the best
separation for IL-18/IL-18BP expression.

RESULTS
Characterization of oncolytic virus 0AdDR18
A higher ratio of IL-18 to IL-18BP is associated with
improved overall survival in both colon and breast cancer
(figure 1A,B), supporting the notion that increasing this
ratio across patients could result in improved outcome.
To this end, recombinant adenoviruses armed with mice
wild-type IL-18 and DR18 mutein were constructed by
homologous recombination into an adenoviral backbone
with Adb/3 chimeric fiber for improved tumor targeting.
The human albumin signal peptide was used for protein
secretion. Empty oAd (no payload) were generated as
further controls, as illustrated (figure 1C, online supple-
mental data SI 1).

The ability of oAd to deliver DR18 for in vivo studies
was first demonstrated in A549 cells (figure 1D). We
detected dose-dependent IL-18 production from
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Figure 1

Generation and characterization of oncolytic adenoviruses (A, B) Kaplan-Meier survival curves for breast cancer

(A) and colon cancer (B) are shown. Patient cohorts are segregated by the ratio of IL-18 to IL-18BP transcripts (red-high,
black-low). The numbers underneath the figures are individuals at each time point. (C) Schematic illustration of oAdDR18.
The virus has a 24 bp deletion in the CR2 of the E1A gene, corresponding to the region responsible for Rb protein binding,
and is conditionally oncolytic in cells defective in the Rb pathway. The fiber was modified by incorporating the Ad3 knob to
the Ad5 shaft and tail for increased tumor targeting (Ad5/3). A complementary DNA for wild-type IL-18 or IL-18BP-binding
inactive variant DR18 mCS2 (DR18) was used as transgene for this study. For protein secretion, a signal peptide of human
albumin was inserted. (D) DR18 production in oAdDR18-infected A549 cells were determined at 72 hours post infection by

quantitative ELISA. Cells in 24-well plates (1x10° cells/well) were infected with oAd or oAdDR18 at MOls as indicated. Data are
mean+SD of triplicate samples. (E) IL-18 and IFN-y production in a tumor setting. After tumor establishment, CT26 xenografts
were intratumorally injected with rDR18, oAdDR18, or PBS (n=3). Mouse blood was collected prior to or on days 1 and 3 post

injection for measurement of IL-18 and IFN-y production by ELISA. IL-18 transgene in tumor tissues was further analyzed.
DR18, decoy-resistant IL-18; IFN, interferon; IL, interleukin; IL-18BP, IL-18 binding protein; mRNA, messenger RNA; ND, not
detectable; oAd, oncolytic adenovirus; oAdDR18, oAd harboring DR18; PBS, phosphate-buffered saline; rDR18, recombinant

DR18 protein.

0oAdDRI18-infected A549 samples. We also tested the capa-
bility of IL-18 delivery in vivo by injecting cAdDRIS to
established CT26 tumors in mice. Similar to the admin-
istration of rDRI18, intratumoral injection of ocAdDRI18
resulted in IL-18 secretion and downstream IFN-y
production (figure 1E). Importantly, the IL-18 transcript
was detected in the oAdDRI8 group but not the rDRI8
groups (figure 1E).

An oncolytic adenovirus armed with DR18 inhibits tumor
growth in vivo

To evaluate the impact of 0AdDR18 on tumor growth, we
next employed several syngeneic tumor models. First, we
established tumor transplant models using murine CT26,
4T1 or BI6BL6 cells in the respective immunocompe-
tent mice. When the tumors reached approximately
100mm?, mice were mock-treated with PBS or treated

Cheng Y, et al. J Immunother Cancer 2024;12:e009716. doi:10.1136/jitc-2024-009716
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saline.

with 0Ad, cAdwtIL-18, coAdDR18 by intratumor injection
(figure 2A). As shown, oAdDRIS8 as well as oAdwtIL-18
demonstrated significant inhibitory activity against tumor
growth. In agreement with prior studies documenting

the neutralizing effect of IL-18BP, wtIL-18 carried by oAd
(0AdwtIL-18) was less effective. In contrast, tumor growth
in the oAdDRI18-treated group remained relatively slow
compared with those in other groups (figure 2B). Notably,
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we observed tumor regression in the oAdDRI18-treated
CT26 tumor model on day 11 and a CR (two out of five
mice) on day 24 (figure 2B). In the less immunogenic
4T1 and B16BL6 tumor models, we also observed a more
robust antitumor effect by oAdDR18 than in other groups
(figure 2C,D). Given the importance of adaptive immu-
nity in tumor restriction, we also repeated the experiment
in Balb/C athymic mice. The results showed comparable
tumor growth curves (figure 2E), in agreement with past
studies showing that T lymphocytes provide a critical
contribution to IL-18-mediated antitumor activity.

0AdDR18 treatment increases tumor-infiltrating T
lymphocytes
To characterize the frequency and diversity of T cells in
the TME, we next examined the accumulation of immune
cells. In the CT26 syngeneic tumor model, intratumoral
delivery of cAdDRI18 resulted in an increase of total T
cells (CD45°CD3" cells) compared with all other groups
(figure 3A, online supplemental data SI 2). The frequency
and function of the CD4" and CD8" T cells in the produc-
tion of antitumor immunities induced by oAdDRI18 were
explored in this study. A significant increase in both
CD8" and CD4" T cells was observed within the oAdDR18
treated tumors (figure 3B), as evidenced by immunohisto-
chemical staining for total T cells, CD4" and CD8" T cells
(figure 3C, D, E and F). In addition, tumor-infiltrating
inflammatory macrophages (Ml-like) increased signifi-
cantly in mice treated with oAdwtIL-18 and oAdDR18 than
with PBS or oAd. However, no difference was observed in
the total macrophages across all groups (figure 3G).
During adaptive immune responses, CD8" and CD4" T
cells are major paracrine sources of IFN-y. Treatment with
0AdDR18 elevated IFN-y production by CD4" and CD8" T
cells (figure 3H,I). Cytotoxic T cells are key effectors of
antitumor immunity since the cells mediate direct cytol-
ysis of target tumor cells,”” while some intratumoral CD4"
T cells that express granzymes and perforin can possess
cytotoxic programs that directly kill cancer cells.” Here,
0AdDRI18 treatment increased granzyme B-positive CD8"
and CD4" T cells (figure 3] K), suggesting that both CD8"
and CD4" T cells played a significant role in the antitumor
immune response. Overall, these results indicate that
0AdDRI18 treatment was associated with increased tumor
infiltration of CD8", CD4" T cells and macrophages of
antitumor response.

0AdDR18 treatment increases specific cytotoxic activity of T
lymphocytes

We investigated whether the increased activation of T
cells might reflect a global state of adaptive immunity in
the animal. T-cell frequency and activated CD8" T cells
in the blood and spleens from PBS, oAd, oAdwtIL-18,
0AdDR18 were examined via flow cytometry. Treatment
with any of the oAds—including oAd, oAdwtIL-18 and
0AdDR18—increased total T cells and CD4" T cells in the
blood. However, only oAdDR18 treatment was associated
with an increase in circulating CD8" T cells (figure 4A,B).

Examining this further using CD69, an early-activation
marker expressed by CD4" and CD8" T cells, we found
CD8'CD69" T cells were increased significantly in the
0AdDR18 group relative to other groups (figure 4C).
This paralleled oAdDRI18 mediated increases among the
CD69°CD8" T cell population in the spleens, although
overall, the CD4" and CD8" T-cell population exhibited
no gross differences across the groups (figure 4D,E).

To assess functionality, we first directly evaluated the
activity of CTLs specific to CT26 targets. WT tumor-
bearing mice intratumorally injected with PBS, oAd,
oAdwtlIL-18, oAdDR18 were used as effector cells, and
cultured CT26 cells were used as target cells. As shown
in figure 4F, the peripheral blood mononuclear cells
(PBMCs) from oAdDR18-treated mice, but not from the
other groups, showed a marked increase in cytotoxicity
versus CT26 cells. Finally, we performed ELISpot assays
for IFN-y release to determine the relative strength of
the antitumor response among splenocytes activated
by oAdDRI8 of the CT26 tumor model. The number
of IFN-y-producing cells was robustly increased in mice
treated with oAdDRI18 compared with PBS, oAd and
oAdwtlL-18 (figure 4G). These global results under-
scored our initial observations in tissues, reinforcing
the notion that intratumoral oAdDRI18 elicited a global
tumor-specific immune response.

Comparison of local and distant antitumor effect of oAdDR18
and rDR18 by intratumoral injection

The presence of a global response argued that the local-
ized intratumoral injection of oAds could influence
distant tumors. To test this, we evaluated a bilateral tumor
model in which tumors were implanted in both rear
flanks, but only one side was treated (figure bA). Recom-
binant DR18 or oAd-based treatment resulted in a local
tumor remission relative to PBS controls (figure 5B).
However, the only treatment group that exhibited a
significant abscopal effect was oAdDRI18 (figure 5C,D),
as evident by~75% and ~69% inhibition on the treated
and distal sides, respectively, relative to PBS controls. This
was not associated with changes in mouse body weight
(figure 5E). These data support the notion that DR18
delivered by oAd was key to eliciting systemic antitumor
activity.

We therefore next tested whether systemic immunity
might also limit the growth or establishment of metas-
tases. For this, we again used the metastatic 4T1 cell
tumor model, in which subcutaneous and lung seeding
were established, then rDR18 or oAdDR18 were
administrated intratumorally using PBS as a control
and repeated on days 3, 5, 7, and 9. Tumor metastasis
to the lungs was first examined by living imaging on
day 10, followed by histopathological analysis of the
excised lung tissue. Relative to PBS or recombinant
protein rDR18-treated mice, which displayed strong
tumor signals from the lungs, there was a significantly
(p<0.01) reduced luciferase signal in oAdDRIS-
treated mice (figure 5F). Subsequent H&E stains
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CD45" cells by flow cytometry. Representative images of immunohistochemical staining for (C) CD3", (D) CD4*, (E) CD8", and
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showed decreased pulmonary colonization and meta-  to the reduced tumor cell burden, higher levels of
static burden in 0oAdDRI8-treated mice compared  CD8" T cells and CD8'CD69" T cells were observed
with the PBS or rDR18 group (figure 5G). In parallel  in the lungs of oAdDR18-treated mice, relative to PBS
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Figure 4 0AdDR18 activated systemic antitumor effect in blood and spleen. (A) Quantification of percentage of CD45"CD3*
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CD8" T cells in the blood. (C) Representative flow plots and quantification of CD8*CD69" T cells in the blood. (D) Representative
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or oAdDR18-treated groups (figure 5H,I). Altogether,
support that
0AdDR18 administrated by intratumoral injection

these observations the contention
exhibited a systemic antitumor effect against tumor
growth and tumor metastasis.

Evaluation of long-term antitumor memory

However, it was not clear if 0AdDRI18 was capable of
eliciting a durable immune response. Since we had
observed CR of subcutaneous CT26 tumors (figure 2)
among the oAdDRIS8 treated group, we questioned
whether intratumoral administration of o0AdDRI18
could generate immune memory. Mice cured of CT26

tumors by oAdDR18 were re-challenged 2 months after
the last treatment. As controls, 4T1 cells were inocu-
lated in opposite flank. Age-matched mice were used as
growth controls. The control mice developed tumors
that grew with expected kinetics in treatment-naive
mice subcutaneously inoculated with CT26 or 4T1 cells
(figure 6A). In contrast, the cohort of mice that had
previously cleared CT26 tumors did not display any
occurrence of the secondary inoculated tumors within
22 days of re-challenge (figure 6B-E). This result
strongly suggests that oAdDR18 treatment enabled the
establishment of long-term antitumor memory.
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0AdDR18 combined with PD-1 blockade enhances tumor
clearance

While 0AdDR18 showed remarkable results as a “mono-
therapy” across multiple tumor models, it did not clear
tumors in all cases. We sought to determine if oAdDRI18
had a synergistic effect with anti-PD-1, based on recent
reports that IFN-y enhances PD-1 ligand expression,
and in turn counteracts immune monitoring and tumor
clearance.* Indeed, we again observed that among
patients treated with PD-1, there was significantly better
overall survival associated with high expression of IL-18
(figure 7A). Therefore, we next compared combined
0AdDRI18 virotherapy and anti-PD-1 immunotherapy in
CT26 tumors. Mice received intratumoral injections of
0Ads or PBS on days 1, 3, 5, 7, and 9 and intraperitoneal

injections with anti-PD-1 on days 2, 4, 6, 8, and 10
(figure 7B). The combined therapy eradicated 5/6 tumors
in the CT26, more than oAdDR18 or PD-1 monotherapy
alone (figure 7C). No weight loss was observed during the
experiments (figure 7D).

Although the specific mechanism for the increased effi-
cacy of the combined therapy was not clear, it was inter-
esting that it substantially changed the differentiation
program of the PD-1"TCF1" stem-like CD8" T cells. These
were enhanced in the )AdDR18 and oAdDR18+anti-PD-1
group compared with anti-PD-1 monotherapy (figure 7E),
suggesting that the immune milieu was indeed further
reinforced by dual treatment.

The results collectively demonstrate an immune-
mobilizing effect via DR18 delivered by oAd, reducing
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Figure 6
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tumor growth. (C) 4T1 tumor growth. (D) CT26 tumor weight and photographs. (E) 4T1 tumor weight and photographs.

tumor growth across multiple tumor models. In compar-
ison to simple recombinant protein delivery to tumors,
0AdDRIS8 treatment improved local and systemic anti-
tumor effects, which were further bolstered by combining
with an immune checkpoint inhibitor.

DISCUSSION

Cytokines represent the first modern immunotherapies
that have produced durable immune response in patients
with advanced cancers. More widespread use of recom-
binant cytokines is functionally limited by short half-lives
following systemic delivery, and due to toxicities associ-
ated with acutely extreme elevations in cytokine concen-
tration.” * In this regard, a lower but constant level
of cytokine production may offer a more physiologic
approach to immunotherapy.

Cytokine activity may also depend on context, and can
have varying effect depending on whether it is establishing
versus enhancing an immune response. In the case of I1-18,
itis clear that lower levels of IL-18 versus IL-18BP transcripts
are associated with disease outcome. While it was perhaps not
surprizing for DR18 to bolster as immune response in these
studies, the profound level of response, including complete
responses, was completely unexpected. IL-18 displays pleio-
tropic actions, depending on the local cytokine milieu. It acts
on Thl cells, macrophages, natural killer (NK) cells, natural
killer T (NKT) cells, B cells, dendritic cells, and even non-
polarized T cells to produce IFN-yin the presence of IL-12. In
the absence of I1-12, IL-18 with IL-2 induces type 2 T helper
cytokines from NK cells or NKT cells with a CD4" phenotype,
and even committed Th1l cells,7 6 which can be detrimental
to antitumor immunity.

A limit and advantage of adenoviral therapy is the
profound immune response elicited by the viral components
themselves. Adenoviral vectors are well known to induce host

immune response, including the production of cytokines like
L-L1B, IL-6, I1-8, I1-12, IFN-y, IFN-0,, TNF-0, and chemokines
like CCL2, CCL3, and CXCL10.* This serves as an immune
adjuvant role in promoting tumor clearance, since the
tumoricidal activity of the oAd alone was of limited benefit in
controlling tumor growth. oAdDR18 resulted in the robust
tumor inhibition over its wild-type counterpart or rDR18
in CT26, B16BL6 and 4T1 tumors. Compared with recom-
binant DRIS, intratumoral injection of ocAdDRI8 showed
long-term and systemic antitumor effect in syngeneic mouse
models. Thus, the ability to package a decoyresistant IL-18
was similarly critical in boosting the antitumor effect, with the
addition of a checkpoint inhibitor (anti-PD-1) showing the
greatest potential for tumor control.

The use of intratumoral injection was essential to this study,
due to the dependence of 0Ad on the proliferation of dysreg-
ulated cells (such as tumors). However, local tumor injection
impacted both distant bilateral tumors and small metastases,
thus reinforcing the notion that not all tumors need to be
injected to have positive outcomes. The signal from a local
injection acted globally and durably, since rechallenge with
tumor cells (CT26) did not result in de novo tumor forma-
tion among mice that had previously cleared those tumors.
Consistent with this, improved CD4" and CD8" T=ell ant-
tumor responses including frequency and cytotoxicity, as
demonstrated by immune cell analysis and immunohis-
tochemistry. Both the global and durable aspects are key
components for therapies that will have clinical utility.

In this regard, adenoviral vectors are extensively studied
in experimental and clinical models as agents for gene
therapy. As we observed, they potently deliver and express
key genes of interest, yet are selflimiting. Their use in
oncology appears quite safe, and their immune effects
are well understood. A Thl dominant antiviral immune
response occurs 5-7days following transduction.”” This is
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phosphate-buffered saline; PD-1, programmed cell death protein-1.

partly due to adenovirus-associated-IL-12 expression. IL-12
acts as a cytokine that induces Thl polarization and syner-
gistically acts with IL-18 (or DR18) to enhance the cytotoxic
functions of TILs.”* 0Ad co-expressing I1-12 and “wt” IL-18
improves tumorsspecific immunity via differentiation of T
cells.” However, oAd armed with decoy-resistant I1-18 ligand
appears well-suited to shape the TME for enhanced ant-
tumor immunity, and is complemented by anti-PD-1. These
data support the further exploration of 0Ad as a potent, self-
limiting approach to immunotherapy in cancer together with
complementary modulators of immune function, including
vaccines or other checkpoint inhibitors.

Cytokines have pivotal roles in immunity and have been
demonstrated as therapeutics for a variety of immune-related
disorders. However, the widespread clinical use of cytokines
has been limited by their short halflives and defects for
systemic application. Innovations in bioengineering and in
the evolution of enzymes have yielded new technologies for
cytokine engineering and aided in advancing our knowl-
edge of cytokine biology. Thus, a combination of oncolytic

virotherapy with cytokine engineering would lead to cytokine-
based therapeutics for cancer and other diseases.
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