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ABSTRACT

The tumor microenvironment (TME) in ovarian cancer (OC) is characterized by immune suppression, due
to an abundance of suppressive immune cells populations. To effectively enhance the activity of immune
checkpoint inhibition (ICl), there is a need to identify agents that target these immunosuppressive
networks while promoting the recruitment of effector T cells into the TME. To this end, we sought to
investigate the effect of the immunomodulatory cytokine IL12 alone or in combination with dual-ICI (anti-
PD1 + anti-CTLA4) on anti-tumor activity and survival, using the immunocompetent ID8-VEGF murine OC
model. Detailed immunophenotyping of peripheral blood, ascites, and tumors revealed that durable
treatment responses were associated with reversal of myeloid cell-induced immune suppression, which
resulted in enhanced anti-tumor activity by T cells. Single cell transcriptomic analysis further demon-
strated striking differences in the phenotype of myeloid cells from mice treated with IL12 in combination
with dual-ICl. We also identified marked differences in treated mice that were in remission compared to
those whose tumors progressed, further confirming a pivotal role for the modulation of myeloid cell
function to allow for response to immunotherapy. These findings provide the scientific basis for the
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combination of IL12 and ICI to improve clinical response in OC.

Introduction

Ovarian cancer (OC) is the most lethal gynecologic cancer in
the US." Advanced stage OC has a five-year overall survival
rate of 20-30% and more than 50% of patients that respond to
current therapies experience recurrent disease.””* Recurrent,
platinum-resistant OC is characterized by only minimal
responses to chemotherapy (<10-15%) and a poor prognosis,
with overall survival estimated to be <12 months.” """ Thus,
there is an urgent need to identify novel therapies to improve
the outcomes of these patients. The impact of immunotherapy
with immune checkpoint inhibitors (ICI) has been significant,
providing durable response rates in several cancers. However,
the response rates in ovarian cancer are low, ranging from 11%
to 15% in platinum-resistant, recurrent settings.'*'> Compared
to nivolumab (anti-PD1) alone, dual immunotherapy with
nivolumab and ipilimumab (anti-CTLA4) was associated with
a higher objective response rate (31% vs. 12%) but with limited
durability (3.9 vs. 2 months).'®> Therefore, it is critical to
explore strategies with the potential to enhance the efficacy of

current PD1/PD-L1-based immunotherapy by targeting path-
ways that mediate resistance to ICI.

Myeloid cell subtypes with immunosuppressive functions,
such as tumor associated macrophages (TAM) and myeloid-
derived suppressor cells (MDSC) are frequently found infiltrat-
ing the tumor microenvironment (TME) of OC'*"'® and likely
contribute to tumor progression, poor survival, and resistance
to therapies including ICL."*"*® MDSC can be divided into two
phenotypically and functionally distinct subsets based on simi-
larities to monocytes (M-MDSC) or neutrophils (PMN-
MDSC). However, despite these differences, both subtypes
are capable of suppressing the function of anti-tumor
T cells.'"” We have previously shown that tumor-associated
myeloid cells are prominent in the OC TME and correlate
with poor survival and resistance to immune checkpoint
inhibition."®'® Therefore, a potential strategy to modulate the
tumor immune microenvironment to enhance the efficacy of
immunotherapy in ovarian cancer is to target these
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immunosuppressive cell types. IL12 is a strong modulator of
dendritic cells, as it enhances their ability to polarize toward
the Thl responses crucial for effective tumor rejection.”*>*
IL12 was also reported to reprogram intratumoral MDSC in
a preclinical melanoma model by reversing their suppressive
role in vivo and enhancing cytotoxic T lymphocyte activity.*®
In addition to its effect on myeloid cells, IL12 also plays
a central role in the activation of T and NK cells by promoting
their proliferation and by enhancing the secretion of effector
cytokines, such as IFNy.** IL12 also has antitumor activity in
IL12Rp1-expressing tumors through IFNy-mediated upregula-
tion of MHC Class I molecules.”

Here, we tested the ability of IL12 to synergize with dual-ICI
(anti-PD1+anti-CTLA4) in the preclinical ID8-VEGF immu-
nocompetent murine model of advanced OC. Our results
demonstrated that a combination of IL12 and dual-ICI resulted
in enhanced durable anti-tumor activity and survival of mice
bearing ID8-VEGF tumors as compared to those treated with
monotherapy. Improved anti-tumor activity was associated
with increased tumor infiltration by T «cells and
a downregulation of the phenotypic traits of myeloid cells
known to mediate immunosuppression, leading to enhanced
effector function of the infiltrating T cells. These results sup-
port the use of IL12 as a strategy to enhance the efficacy of dual
PDI1 and CTLA4 blockade in the treatment of OC.

Materials and methods
Mice and tumors

All experiments were performed under institutional animal
care and use committee (IACUC) protocols adhering to
USDA guidelines. Female C57BL6/] mice were purchased
from The Jackson Laboratory (Bar Harbor, MA) and main-
tained pathogen-free under UDSA guidelines. Mice 6 to 8
weeks of age were used for subsequent studies. ID8-VEGF, an
ovarian carcinoma cell line derived from spontaneous in vitro
malignant transformation of C57BL/6 mouse ovarian surface
epithelial cells and engineered to overexpress vascular
endothelial growth factor (VEGF), as previously described,®
was maintained in high glucose Dulbecco’s Modified Eagle
Medium (Sigma) supplemented with 4% Fetal Bovine Serum,
5 ug/mL insulin, 5 pg/mL transferrin, and 5ng/mL sodium
selenite (1x ITS; Sigma) and 1x Penicillin-Streptomycin solu-
tion in 5% CO, atmosphere at 37°C. These cells were obtained
from Dr. Vincent Tuohy at the Cleveland Clinic.

Tumors were established by intraperitoneal (i.p.) injection
of 5x 10° ID8-VEGF tumor cells. As indicated, mice received
200 ug of anti-PD1 antibody (BioXcell, Clone RMP1-14) and/
or 200 ug of anti-CTLA4 antibody (BioXcell, Clone 9D9) via i.
p. injection twice weekly, and/or 100 ng recombinant murine
IL12p70 (IL12) (PeproTech) via i.p. injection three times
a week. Weight gain due to ascites accumulation was used as
a surrogate for tumor progression and mouse total body weight
measurements were taken at 1-3 day intervals.

To investigate the impact of therapy on advanced disease,
treatment was started 21 days after tumor implantation to
ensure tumor establishment and onset of ascites accumulation
prior to treatment. Tumor-bearing mice were randomized into

four treatment groups — untreated control, IL12, anti-PD1 plus
anti-CTLA4 with or without IL12. Animals were sacrificed at
an established endpoint - either when total weight gain
reached a 50% increase over baseline weight or when the
mice presented symptoms of terminal illness. Animals in the
control group and those treated only with immune checkpoint
inhibition met endpoint at day 40. A subset of animals from
treatment groups receiving IL12 were also harvested for ana-
lysis prior to endpoint at Day 35. Peritoneal tumor lesions,
ascites, and peripheral blood were harvested for analysis.

RNA extraction and sequencing

ID8-VEGF whole-tumor lesion samples were dissected from
the peritoneal cavity and immediately homogenized in TRI
Reagent (Molecular Research Center, Inc. Cincinnati, OH)
using a Tissue-Tearor handheld mechanical homogenizer
(BioSpec Products, Inc. Bartlesville, OK.). Ascites samples
were collected from the peritoneum of mice, and CD11b+
cells were purified utilizing MACS MicroBead column-based
magnetic cell isolation system (Miltenyi Biotec.). Briefly,
a portion of viable cells obtained from ascites were labeled
with anti-CD11b-PE antibody followed by incubation with
anti-PE MACS magnetic microbeads. CD11b+ cells were cap-
tured by passing antibody- and microbead-conjugated cells
through a MACS separation column in the presence of
a magnetic field and eluted by washing the column outside of
the magnetic field. Total RNA was isolated from samples in
TRI reagent according to manufacturer’s instruction, and the
RNA concentration was measured using NanoDrop ND-1000.
Libraries were prepared using the Illumina TruSeq stranded
mRNA kit and sequenced at 80 M reads (40 M paired ends) on
a NovaSeq Sequencing System from Illumina.

Bioinformatics

Raw reads in the FASTQ format were aligned to mm10 refer-
ence genome using the STAR aligner.”” The feature “Counts
read summarization program”*® was used to count mapped
reads for each gene in the mml0 annotation file (gencode.
vM25.annotation.gtf). Count files were then merged by an in-
house R script and normalized using DESeq2.”” DESeq2 stan-
dard differential gene expression analysis was used to compare
two groups at a time for GSEA. For hierarchical clustering,
a Likelihood Ratio Test was run in DESeq2, and clustering was
performed using the Pheatmap R package on the top 200 most
significant (lowest adjusted p value) differentially expressed
genes.

Cytokine analysis

Quantification of cytokines present in the ascites fluid from
mice bearing ID8-VEGF tumors was performed using the
Meso Scale Discovery Multi-Spot Assay System (Meso Scale
Diagnostics, LLC). V-PLEX assays were performed using
Cytokine Panel 1, Proinflammatory Panel 1, and Th17 Panel
1 mouse Kkits, as well as a TGF-B kit, per manufacturer’s
instructions. Briefly, MULTI-SPOT assay plates pre-coated
with capture antibodies were washed and incubated with



diluted ascites fluid samples and/or calibrators for 2 h at room
temperature. Next, plates were washed and bound analytes
measured using detection antibodies conjugated with electro-
chemiluminescent labels (MSD SULFO-TAG). Following an
additional 2-h incubation at room temperature, plates were
washed, incubated with electrochemiluminescence buffer, and
analyzed on a MESO QuickPlex SQ 120 instrument. Data was
processed using the MSD Discovery Workbench Version 4.0.

FACS and antibodies

Viable cells derived from blood and ascites from ID8-VEGF
tumor-bearing mice were assessed for the frequency of T cell
and myeloid cell subsets. Cell suspensions were stained with
antibodies for CD45 (Clone 30-F11), T cell markers - CD4
(Clone GK1.5), CD8 (Clone 53-6.7), CD127 (Clone SB/199),
CD25 (Clone M- A251) and PD1/CD279 (Clone J43) or
myeloid markers - Ly6G (Clone RB6-8C5), CD11b (Clone
M1/70), CXCR2 (Clone V48-2310), CD1lc (Clone HL3),
CCR2 (Clone 475,301), F4/80 (Clone T45-2342), I-A/
I-E (clone M5/114.15.2, BioLegend), or PDL1/CD274
(Clone MIHS5, eBioscience). Myeloid derived suppressive
cells were gated as M-MDSC CD11b+Ly6Glo and PMN-
MDSC CD11b+Ly6Ghi, dendritic cells as CD11b+CD11c
+I-A/I-E+ and macrophages as CD11b+ F4/80+I-A/I-E+.
Antibodies were from BD Biosciences unless otherwise spe-
cified. The cells were acquired for flow cytometry using the
BD FACSymphony A5 cell analyzer, and data was subse-
quently analyzed with the FlowJo software package (BD
Biosciences) using the plugins UMAP, XShift, and Cluster
Explorer.

Single cell RNA sequencing

Cells isolated from peritoneal lavages of i.p. ID8-VEGF
tumor-bearing mice that were in relapse or remission fol-
lowing intervention with dual-ICI +IL12 were subjected to
single-cell RNA sequencing. Single-cell suspensions were
prepared, loaded on the 10x Genomics Chromium System
(Single Cell 3’ v3 platform) and libraries prepared accord-
ing to manufacturer’s specifications. The concentration and
quality of double-stranded c¢cDNA was assessed using
a high-sensitivity DNA assay on an Agilent 2100
Bioanalyzer. Library preparation for sequencing on an
Mlumina platform was accomplished for each sample fol-
lowing the manufacturer’s protocol (10x Genomics,
CG000183 Rev A). The quality of library construction was
again assessed using the Agilent 2100 Bioanalyzer. Samples
were first fluorometrically quantified with a Qubit fluorom-
eter (Thermo Fisher Scientific), pooled, and again quanti-
fied on a Quantabio Q cycler using the Quantabio SparQ
Fast Library Quant kit. Sequence data was generated on
a NovaSeq 6000 using parameters recommended by the
manufacturer (10x Genomics, CG000183 Rev A). The
bioinformatics of output data was performed using Cell
Ranger software (10x Genomics) mkfastq, count, and
AGGR functions. Subsequently, Cell Loupe browser (10x
Genomics) files were generated, and data visualized by
UMAP, individual gene, and heat map plots.
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Statistical analyses

For each experiment, five animals per group were planned and
expected to yield a power of 80% to detect statistically signifi-
cant differences between experimental groups. P-values were
calculated using Student’s ¢- test and a significant difference
was defined as a P <0.05. The overall survival was calculated
using a Kaplan-Meier curve.

Results

Combinatory treatment with IL12 and dual-ICl results in
sustained anti-tumor activity in a preclinical model of
advanced ovarian cancer

For our studies, we utilized the ID8-VEGF cell line, a widely
adopted, aggressive preclinical murine model of ovarian can-
cer. When implanted in the peritoneum of immunocompetent
mice, this model mimics the characteristics of human ovarian
cancer by rapidly developing peritoneal tumor lesions and
ascites within 20 days, with the experimental endpoint being
generally achieved by approximately day 40. Tumor burden
was assessed by measuring weight gain due to ascites accumu-
lation. To mimic advanced stage intervention, treatment com-
menced 21 days after peritoneal ID8-VEGF implantation
[Figure 1A]. Mice were treated with dual-ICI (anti-PD1 and
anti-CTLA4 antibodies), IL12, or combination dual-ICI +
IL12. Mice responded to IL12 alone, and to an even greater
extent if they received a combination dual-ICI+IL12
[Figure 1B]. Animals treated with IL12 alone showed reduced
weight gain by five days of treatment compared to the
untreated group, but continued to progress during the course
of treatment. Interestingly, the mice in the dual-ICI + IL12 arm
did not respond until after 14 days of treatment but showed up
to a 41% reduction of weight gain by 9 days after completion of
the regimen. While dual-ICI therapy did not impact median
survival when administered alone, IL12 monotherapy
increased mouse survival by 11.5 days. Survival was further
extended by co-treatment with IL12 and dual-ICI (19.5 days
compared to untreated mice) [Figure 1C]. Both the IL12 and
IL12 + dual-ICI were associated with lower frequency of tumor
(CD45"8) cells within the ascites. [Figure 1D]. The synergistic
effect of IL12 and dual-ICI was also observed, although to
a lesser extent, in the early-stage setting in which treatment
started 4days following ID8-VEGF implantation
[Supplemental Figure S1]. These results suggest that immuno-
modulation by IL12 results in a transient antitumor effect in
the advanced stage setting of the ID8-VEGF ovarian cancer
model, which can be further potentiated to longer term
response and survival by the addition of PD1 and CTLA4
blockade.

IL12 alters the composition of circulating immune cell
types in mice bearing ID8-VEGF

We performed a high parameter flow cytometry analyses of
blood samples collected from tumor-bearing mice after 15 days
of treatment. Notable changes in the frequencies of circulating
immune cell types were observed after the administration of
IL12 alone or in combination with dual-ICI [Figure 2A].
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Figure 1. Combination treatment of IL12 with dual-ICl results in enhanced durability of response in the ID8-VEGF advanced ovarian cancer preclinical tumor model.
Female C57BL/6 mice were injected intraperitoneally with 5 x 10° ID8-VEGF tumor cells, randomized into treatment cohorts (n = 7 or 8 for each group), and evaluated
daily for clinical signs of disease progression. (a) treatment schema was designed to mimic intervention at advanced stage disease. Recombinant murine IL12 with or
without immune checkpoint monoclonal antibodies were administered via intraperitoneal injection starting at day 20 as described in materials and methods. Arrows
represent days which mice received indicated intervention. (b) weight gain due to abdominal accumulation of ascites was used as proxy of tumor progression and
measured at regular intervals. Response to treatment with IL12 alone or with anti-PD1 + anti-CTLA4 monoclonal antibodies, was monitored by changes in weight gain.
(c) overall survival was tabulated based on time taken for animals with progressing disease to reach humane endpoint and survival was calculated using Kaplan-Meier
analysis with statistical significance evaluated by log-rank (Mantel-Cox) test. (d) a subset of mice from each treatment group was sacrificed 35 days following ID8-VEGF
tumor implantation. The total volume of ascites fluid was collected from the abdomen and subjected to flow cytometry to measure the total number of tumor cells
(CD45"9) within the abdominal cavity. P values were calculated using student’s t-test. Statistically significant differences between indicated treatment groups were

marked with asterisks (*p < 0.05, ***p < 0.005, ****p < .001).

Within the myeloid compartment, the administration of IL12,
irrespective of dual-ICI, increased the levels of circulating
MDSC [Figure 2B]. Numbers of monocytic MDSC
(M-MDSC) went up 2.9-fold with IL12 treatment alone and
2.2-fold when combined with dual-ICI. Polymorphonuclear
MDSC (PMN-MDSC) were less abundant compared to
M-MDSC but were also upregulated in response to IL12 ther-
apy: there was a 3.1-fold change with IL12 alone and a 4.7-fold
change when combined with dual-ICI. Further, treatment dif-
ferentially impacted PDLI expression on MDSC subsets: - in

the untreated setting, 53.5% of circulating M-MDSC expressed
PDLI as compared to 8.6% of PMN-MDSC. The frequency of
circulating PDL1+ PMN-MDSC increased from 8.6% without
treatment to 64.2% with IL12 alone, and to 83.5% with IL12 +
dual-ICI. M-MDSC were less affected by treatment, as we
found that circulating PDL1+ M-MDSC decreased signifi-
cantly by 11.2% but increased by 19.5% in groups treated
with IL12 or IL12 plus dual-ICI, respectively, as compared to
the untreated animals. Further, treatment with IL12 correlated
with a 13.1-fold increase of the number of macrophages and
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Figure 2. IL12 and checkpoint inhibition alter the composition of circulating immune cell types in mice bearing ID8-VEGF tumors. (a) High parameter flow cytometry was
used to assess the cellular composition of blood from mice 35 days after tumor implantation using antibody panels described in materials and methods. (b) absolute
numbers of monocytic and polymorphonuclear MDSC, macrophage, and dendritic cells were determined. Further, frequency of MDSC subsets that expressed PDL1 were
calculated. (c) absolute numbers of CD4+, CD8+, and T,y T lymphocytes were delineated. The frequency of CD4+ and CD8+ T cells that expressed PD1 was also
measured. Each dot represents measurement from an individual mouse, n =5 or 6 for each group. P values were calculated using Student’s t-test. Statistically significant
differences between indicated treatment groups were marked with asterisks (*p < 0.05, ***p < 0.005, ****p < .001).
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a 16.3-fold increase in dendritic cells in the periphery; when
combined with dual-ICI this effect was enhanced 2.5 and 2.1
times, respectively. Increases in the numbers of circulating
T lymphocyte populations in response to IL12 treatment were
observed - CD4+ T cells increased 2.4-fold and CD8+ T cells
2.1-fold [Figure 2C]. The combination treatment mildly ampli-
fied this effect in both populations 1.5 times. In contrast,
significant induction of PD1 expression was noted on both
CD4+ and CD8+ T cells after treatment with IL12 alone or in
combination with dual-ICI. An increase in the frequency of
T regulatory cells (T,;) was observed after treatment of IL12
alone, however this effect was abrogated in mice treated with
a combination of IL12 and dual-ICI. Altogether, these results
suggest that IL12, alone or in combination with dual-ICI, not
only induces changes in the frequencies of circulating immune
cells - both myeloid and lymphoid - but also increases the
expression of regulatory molecules, such as PDL1 on PMN-
MDSC and PD1 on T cells. The increase in the frequency of
Teg mediated by IL12 alone can partly explain the role of anti-
CTLA4 in enhancing the anti-tumor immune response when
IL12 was combined with dual-ICL

IL12 in combination with dual-ICI polarizes the immune
landscape toward an anti-tumor response

To better understand the mechanisms behind the synergistic
effect of IL12 and dual-ICI, we performed comprehensive
immunophenotyping of the tumor microenvironment (TME)
by analyzing both ascites and peritoneal tumor lesions. High
parameter flow cytometry analyses of ascites revealed changes
in the overall immune landscape in response to immunother-
apy [Figure 3A]. Within the myeloid compartment, IL12
administration alone resulted in a 75-fold decrease in the
numbers of M-MDSC in the ascites, and when IL12 therapy
was combined with dual-ICI they were nearly ablated
[Figure 3B]. As noted in the blood, there were fewer PMN-
MDSC in the ascites compared to M-MDSC, and treatment did
not significantly impact the numbers of PMN-MDSC. The
frequency of M-MDSC expressing PDLI rose from 11.0% in
untreated mice to 83.5% with IL12 treatment and to 98.3%
after combination therapy with IL12 and dual-ICI. In
untreated mice, a larger proportion of PMN-MDSC were
PDL1+ compared to M-MDSC, 86.8% vs 11.0%, which was
enhanced to 97.5% with IL12 alone and 99.7 with IL12 + dual-
ICI. We noted a reduction in the numbers of ascites derived
macrophages in response to treatment — IL12 monotherapy
associated with a 1.9-fold depletion of macrophages, which was
further reduced to a 3.3-fold depletion when combined with
dual-ICI. These data suggest that IL12 plays a significant role in
modulating the M-MDSC, which are prominent immunosup-
pressive cells in the ascites.

A significant decrease in the levels of dendritic cells,
described here as MHCII+ CD11b+CD11c+, was observed in
mice treated with IL12 alone (8.9-fold change) or in combina-
tion with dual-ICI (56.1-fold change) which could be related to
the mobilization of these cells to within tumor tissue/implants.
The number of T lymphocytes in the ascites was not signifi-
cantly altered in response to therapy, possibly due to increased
homing of these cells to tumor lesions. However, the status of

PDI expression on both CD4+ and CD8+ T cell subsets was
significantly increased, indicating activation of these cells
[Figure 3C]. As observed in the blood, when treated with
IL12, the frequency of CD4+, and CD8+ T cells in the ascites
that expressed PD1 increased 4.0 and 5.7-fold, respectively,
compared to those from untreated mice. The addition of dual-
ICI to IL12 did not impact this effect, but the synergistic effect
on tumor progression may be explained by the reversal of T cell
exhaustion following IL12 activation of T cells.

We further profiled the tumor inflammation by measuring
several cytokines in the ascites, using the Meso Scale Discovery
Multi-Spot Assay System. Dual-ICI alone had minimal effect
on secretion of cytokines in the ascites; however, treatment
with IL12 was associated with significant accumulation of
inflammatory cytokines, including those involved in the effec-
tor activity of T cells [Figure 3D]. Levels of IFNy were
enhanced by IL12 (>4000-fold) but did not significantly change
with combination therapy. Effector cytokines such as IL2, IL4,
and IL21 as well as inflammatory cytokines such as IL1p, IL5,
IL6, IL27, TNFa, and MIPla were associated with enhanced
levels (>5-fold) in ascites from mice treated with combination
therapy compared to IL12 alone. Compared to levels in the
ascites from untreated mice, IL12 monotherapy stimulated
a 50-fold increase in IL12p70 production though, interestingly,
with combination therapy the increase was 10-fold less.

Next, we performed bulk transcriptomic analysis using
RNA isolated from ID8-VEGF tumor tissue of mice treated
or not with the combinations of IL12 and dual-ICI [Figure 4].
Hierarchical clustering of samples by the top 500 variable genes
showed distinct expression patterns among treatment groups
[Figure 4A]. A correlation between median survival and gene
expression was observed as evidenced by overlap in hierarch-
ical clustering of samples from replicate untreated mice and
those treated with dual-ICI monotherapy (lowest median sur-
vival) but distinct from samples from mice treated with IL12
alone and IL12 with dual-ICI (higher median survival) where
the expression pattern was well defined. Cell type analysis was
performed using xCell, a gene signature-based method to infer
immune and stromal cell types within the tumor [Figure 4B].
Compared to other treatment groups, IL12 + dual-ICI asso-
ciated with elevation of several cell types including B cells,
T cells, monocytes, macrophages, and dendritic cells. These
data further support that there is increased infiltration and
recruitment of these cells and mobilization from blood and
ascites to the TME of OC tumors. Interestingly, cell types such
as mesenchymal and hematopoietic stem cells as well as
endothelial cells were reduced in tumors treated with combi-
natory therapy consistent with other anti-tumor effects
mediated by IL12. The top 50 genes differentially expressed
in tumors treated with IL12 + dual-ICI versus those left
untreated included T cell effector genes and genes that pro-
mote inflammatory genes such as CCL5, CCL19, CXCL9,
CXCR6, GZMB, GZMK, IFNG, IL21, and NKG?7 [Figure 4C].
Further, Gene Set Enrichment analysis (GSEA) was performed
in order to discern the associated cancer hallmarks between
treatment groups. We found that gene signatures involved in
immune related pathways — IL6 JAK STATS3 signaling, allograft
rejection, TNFa signaling via NFkB, inflammatory response,
and interferon alpha and gamma response - associated with
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Figure 3. IL12 in combination with checkpoint blockade conditions the immune landscape toward an anti-tumor response in mice bearing ID8-VEGF tumors. (a) high
parameter flow cytometry was used to assess the cellular composition of ascites from mice 35 days after tumor implantation using antibody panels described in
materials and methods. (b) absolute numbers of monocytic and polymorphonuclear MDSC, macrophage, and dendritic cells were determined and frequency of mdsc
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a significant enhancement in lesions from mice treated with
IL12+dual-ICI versus IL12 alone [Figure 4D]. Interestingly,
Wnt beta catenin signaling showed a negative association
with IL12+dual-ICI treatment. Genes differentially expressed
in tumor lesions treated with IL12 with or without dual-ICI
were compared using a volcano plot to visualize the magnitude
of statistically significant changes [Figure 4E]. Seventy-four
genes designated as prototypic members of the Interferon
Gamma Response gene set were significantly upregulated by
at least three-fold. This suggests that the extended survival
achieved by combination therapy as compared to IL12 treat-
ment alone might be attributable to the effect the dual treat-
ment has on primarily modulating the interferon gamma
pathway with its subsequent effect.

Long-term responses after IL12 and dual-ICl treatment
associate with reversal of immunosuppression by myeloid
cells

To better understand the contribution that myeloid function
has on the anti-tumor responses induced by IL12 in combina-
tion with dual-ICI, we extracted RNA from purified CD11b+
cells in ascites and performed bulk transcriptomic analyses
[Figure 5A]. Hierarchical clustering of the top 50 upregulated
and downregulated genes in ascites CD11b+ cells bifurcated
into one of two groups, depending on whether treatment also
included IL12 in addition to the dual-ICI [Figure 5A]. Further,
the unique clustering of samples also highlighted the impact of
dual-ICI on myeloid gene expression. Gene set enrichment
analysis was also carried out to investigate the impact of IL12
therapy, with or without dual-ICI, on cancer hallmarks in the
myeloid compartment of the TME. Several inflammatory path-
ways were activated in CD11b+ cells from the ascites of mice
treated with IL12 + dual-ICI as compared to IL12 alone
[Figure 5B]. The interferon alpha response, interferon gamma
response, allograft rejection, IL6 Jak STAT3 signaling, inflam-
matory response, IL2 STAT5 signaling, and TNFA signaling
via NFKB all showed positive normalized enrichment scores.
Negative associations were noted for prototypic pathways
involved in development and metabolic processes including
epithelial mesenchymal transition, myogenesis, heme metabo-
lism, and cholesterol homeostasis. Further, 54 inflammation-
related genes designated as cancer hallmarks were differentially
expressed at least two-fold in CD11b+ cells from the ascites of
mice treated with IL12+dual-ICI versus IL12 alone and are
named in the volcano plot in Figure 5C. The direct effect of
IFNy was corroborated by the in vitro culture of CD11b cells
isolated from ascites of untreated mice. An increase in the
expression of pro-immune mediators, such as CXCL9,
CXCL10, CXCL11 and P2-microglobulin was observed after
the in vitro culture with IFNy [Supplemental Figure S2].

Single cell transcriptomics defines distinct gene expression
patterns of peritoneal cells during relapse or remission
following dual-ICI treatment combined with IL12

We next compared the single-cell transcriptome of cells recov-
ered from the peritoneum of mice that progressed with those
from mice that remained in remission following treatment
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with IL12 and dual-ICIL. Unbiased characterization of the tran-
scriptional state of 7,674 and 7,006 cells recovered by perito-
neal lavage from mice in relapse or remission, respectively,
showed distinct UMAP-based clustering [Figure 6A]. Cell
types were categorized based on the expression of marker
genes and groups defined by K-means quantitative statistical
clustering. Tumor cells, identified by a lack of expression of
CD45 and elevated levels of Krt7, were only found in mice with
active disease. Conversely, mice in remission had more perito-
neal lymphocytes (mainly B cells and T cells) that express Cd45
and Cd2. Myeloid populations were found in both remission
and relapsed settings; however, they represented two distinct
clusters indicative of differential functional states [Figure 6B].
Enhanced expression of CCR2 ligands — CCL2, CCL7, CCLS,
and CCL12 in myeloid (CD11b+) cells was associated with
relapse. By contrast, fewer cells expressing CCR2 were present
in the peritoneum of mice in remission. It is noteworthy that
CCL2 is also produced by ID8-VEGF tumor cells themselves
[Figure 6B] and may contribute to the initial recruitment of
immunosuppressive myeloid cells to the TME. These infiltrat-
ing immunosuppressive myeloid cells can then perpetuate
recruitment along with expression of other CCR2-directed
chemokines. Furthermore, myeloid cells from mice in relapse
demonstrated elevated expression of a collection of genes
involved in immunosuppression and downregulation of genes
associated with anti-tumor activity [Figure 6D]. These results
suggest a crucial contribution of myeloid cells to the overall
immune landscape of the OC tumor milieu and underscores
the importance of targeting these cell types as a strategy to
enhance the clinical benefit of immunotherapy.

Discussion

In this study, we demonstrate that IL12 in combination with
dual-ICI resulted in superior anti-tumor activity with durable
responses in the setting of an aggressive murine model of
advanced stage ovarian cancer. We show that the combined
regimen significantly increases the infiltration (as shown by
transcriptomic data) and functional activation of T cells, result-
ing in elevated levels of IFNy, which in turn counteracts the
function of immunosuppressive myeloid cells. Such modula-
tion of myeloid function resulted in an immune-promoting
phenotype characterized by elevated expression of mediators
involved in antigen presentation and recruitment of T cells into
the TME. Proinflammatory myeloid factors, such as IL1p and
TNFa, also significantly increased when IL12 was combined
with dual-ICI therapy. IL12 is a potent immunomodulatory
cytokine that has been shown to enhance the activity of CD8+
T cells by significantly enhancing the secretion of IFNy.*
Further, IL12 has a positive synergistic proliferative effect on
pre-activated NK and T cells and also enhances their cytolytic
capacity either independently and/or synergistically.?"***!
Ribas et al. showed that T cell infiltration and an IFNy signal-
ing signature were associated with increased likelihood of
response to immune checkpoint therapy.”

Although our study only involved the use of a single pre-
clinical model, it happens to be a universally accepted repre-
sentation of human ovarian cancer and has been used in multi-
ple studies aimed at understanding the potential role of
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Figure 5. Combinatory therapy with IL12 and dual-ICI correlates with enhanced expression of genes related to inflammation in myeloid cells within the ascites. CD11b+
cells were isolated from the peritoneal cavity of tumor bearing mice and bulk RNA sequencing was performed. (a) heat map with hierarchical clustering based on top 50
differentially expressed genes comparing IL12+dual-ICl versus untreated animals. Each column represents individual mice and the treatment group is indicated by color
code at top. (b) hallmarks of cancer gene set enrichment analysis comparing combination therapy vs IL12 alone. Gene sets with statistically significant changes in
expression are indicated with red colors and the size of the dot is representative of the number of genes in the corresponding gene set that are significantly changed. (c)
volcano plot of differentially expressed genes in peritoneal CD11b+ from mice treated with IL12+dual-ICI versus IL12 alone. Fold change and significance cutoffs are as

indicated and named genes are inflammation-related hallmarks of cancer.

of ascites. The ID8-VEGF OC model secretes high levels of
VEGF (a therapeutic target of bevacizumab, widely used in
ovarian cancer) and is more aggressive than the parental ID8
OC model.”® In addition to being pro-tumorigenic, VEGF
plays an important role in providing an immunosuppressive
tumor microenvironment mediated by MDSC and other

immunotherapy in ovarian cancer.”® Importantly, our in vivo
studies involved the intraperitoneal implantation of tumor cells
as opposed to establishing flank tumors subcutaneously. This
strategy allowed us to replicate the natural milieu and progres-
sion of ovarian cancer, characterized by the seeding of the
peritoneal surfaces with tumor cells as well as the production
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factors. Further, by starting treatment after 21 days of implan-
tation we mimicked advanced disease, which represents a stage
with few therapeutic options. Finally, the availability of both
ascites and peritoneal tumor lesions allowed us to interrogate
the changes in stromal components in response to therapy in
a realistic TME context.

Our results are in agreement with the notion that ovar-
ian cancer is characterized by an immunosuppressive TME.
Therapy with ICI alone administered to hosts with estab-
lished tumors, to mimic an advanced stage setting, did not
have a significant effect on altering the TME, which could
explain the only modestly elevated T cell activity and lack
of response durability observed following ICI treatment in
clinical trials."'”"> Tumor-associated myeloid cells are pro-
minent in ovarian cancer TMEs and have been shown to
negatively impact CD8+ T cell responses, and to recruit
T regulatory cells that promote an immunosuppressive
TME and tumor progression.'®'”** We observed strong
modulation of the levels and function of myeloid cells in
response to IL12 treatment and to a greater extent when
combined with dual-ICI. Circulating levels of M-MDSC
increased in response to IL12 with or without dual-ICI
treatment, though levels were lowered in the ascites to an
almost undetectable level in mice treated with
a combination of IL12 and dual-ICI. The significant
decrease in M-MDSC in the ascites could be explained by
their mobilization to the systemic circulation and/or altera-
tion in their phenotype with changed into anti-tumorigenic
myeloid cells. Furthermore, IL12 induced drastic changes in
the expression of PDL1 among circulating PMN-MDSC and
in M-MDSC in the ascites, supporting the need for anti-
PD1/PDL1 blockade. Such a strong decrease of myeloid
function within the ascites resulted in a pro-immune phe-
notype as evidenced by the accumulation of inflammatory
mediators that favor effector anti-tumor responses (such as
IL2, TNFa, and IL1p). These enhanced effector anti-tumor
responses mediated durable responses and substantial
tumor regression in mice treated with combinatorial treat-
ment with IL12 and dual-ICI. Immunophenotyping ana-
lyses of peritoneal tumor tissue showed clear polarization
toward pro-immune function within the TME, with signifi-
cant increases in the activation of pathways associated with
inflammatory responses, particularly IFNy, IL6/STAT3, and
TNF. Notably, a significant downregulation in Wnt/Beta
catenin signaling, likely related to the decreased tumor
burden, was observed after combinatory treatment with
IL12 and dual-ICI. Moreover, lower tumor burden asso-
ciated with a decrease in gene signatures linked to endothe-
lial cells and mesenchymal stem cells.

In-depth immune profiling confirmed a crucial contribu-
tion by the myeloid compartment to the durable responses
observed after treatment with IL12 and dual-ICI. Bulk tran-
scriptomic analyses of CD11b+ cells purified from ascites
were strikingly similar to those from tumors, revealing
a polarization toward pro-immune responses as evidenced
by the upregulation of interferon gamma and alpha path-
ways as wells as IL12, TNF-alpha, and IL-6, among others.
The pivotal role of myeloid cells was further confirmed by
single-cell transcriptomics comparing peritoneal CD11b+

cells isolated from mice in relapse with those isolated from
mice in remission. Our results showed marked differences
in the transcriptome of myeloid cells from mice in remis-
sion compared to those with progressing tumors, with sig-
nificant upregulation of molecules known to mediate
immune suppression such as S100a8/9/6, MIF, and Argl
among others in CD11b+ cells obtained from mice in
relapse. Our findings underscore the notion that modulating
myeloid function can be a potential intervention for enhan-
cing the activity of dual-ICI. Further, these data show that
IL12 reduced CCL2/CCR2 axis signaling, which has been
shown to promote cancer progression, metastasis, and
induces immunosuppressive environment favoring TH2
mediated immune response.’>>°

Despite its well-known anti-tumor properties, the clinical
development of IL12 has been hindered by its potential toxic
effects and lack of significant activities when given alone or com-
bined with molecules other than immune checkpoint inhibitors,
such as cetuximab or trastuzumab with or without paclitaxel.”*!
At the dosages outlined in the experiments reported here, triplet
therapy was well tolerated by the mice with no evidence of toxi-
cities. Further, all mice reached endpoint due to ascites accumula-
tion (i.e. tumor progression) and none had to be sacrificed due to
adverse effects related to any indicated therapy modality. One
question that arises from these studies is whether the effect that
we noted is dependent on locoregional administration of IL12
since we injected IL12 intraperitoneally to treat intraperitoneal
disease. Our preclinical work suggests that the synergistic effect
of IL12 and dual-ICI is lost when IL12 is administered subcuta-
neously [Supplemental Figure S2]. Additional studies are needed
to further compare the efficacy and toxicity of systemic versus
intraperitoneal locoregional administration of IL12. Lenzi et al.
investigated the safety and activity of IL12 when given ip. to
patients with peritoneal carcinomatosis.”® The authors demon-
strated that intraperitoneal IL12 was well tolerated and associated
with increased production of IFNy and CXCL10, decreased tumor
expression of vascular endothelial growth factors, and associated
with an increased proportion of CD3+ cells relative to CD14+
cells. Our findings support a clinical trial to investigate the efficacy
of IL12 combined with dual-ICI for patients with ovarian cancer.
This approach is attractive especially with recent advances in novel
gene delivery platforms of IL12 like plasmids, mRNA based or
viral vectors.*>**
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