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ABSTRACT

Background B0-112 is a nanoplexed form of
polyinosinic:polycytidylic acid that acting on toll-like
receptor 3 (TLR3), melanoma differentiation-associated
protein 5 (MDA5) and protein kinase RNA-activated (PKR)
elicits rejection of directly injected transplanted tumors,
but has only modest efficacy against distant untreated
tumors. Its clinical activity has also been documented in
early phase clinical trials. The 5,6-dimethylxanthenone-4-
acetic acid (DMXAA) stimulator of interferon genes (STING)
agonist shows a comparable pattern of efficacy when used
via intratumoral injections.

Methods Mice subcutaneously engrafted with bilateral
MC38 and B16.0VA-derived tumors were treated with
proinflammatory immunotherapy agents known to be
active when intratumorally delivered. The combination

of BO-112 and DMXAA was chosen given its excellent
efficacy and the requirements for antitumor effects were
studied on selective depletion of immune cell types and
in gene-modified mouse strains lacking basic leucine
zipper ATF-like transcription factor 3 (BATF3), interferon-
o/ receptor (IFNAR) or STING. Spatial requirements for
the injections were studied in mice bearing three tumor
lesions.

Results BO-112 and DMXAA when co-injected in one of
the lesions of mice bearing concomitant bilateral tumors
frequently achieved complete local and distant antitumor
efficacy. Synergistic effects were contingent on CD8 T
cell lymphocytes and dependent on conventional type 1
dendritic cells, responsiveness to type | interferon (IFN)
and STING function in the tumor-bearing host. Efficacy
was preserved even if BO-112 and DMXAA were injected
in separate lesions in a manner able to control another
untreated third-party tumor. Efficacy could be further
enhanced on concurrent PD-1 blockade.

Conclusion Clinically feasible co-injections of BO-112
and a STING agonist attain synergistic efficacy able to
eradicate distant untreated tumor lesions.

INTRODUCTION
Intratumoral delivery of immunotherapy
agents offers some advantages in terms of

.23 Marisol Quintero,” Ignacio Melero

1,2,3,5

safety and localized pharmacodynamics.' * A
number of agents have been intratumorally
tested in mouse models with the intention to
create ‘in situ’ cancer vaccines’ that would
be able to control untreated metastasis or
micrometastasis in the tumor-bearing host
as a result of enhanced antitumor immunity.
Virotherapy armed or not with immune trans-
genes,* microbial molecular pattern receptor
agonists,5 recombinant proteins,2 antibodies,6
mRNA” and even adoptive immunotherapy®
have shown efficacy in animal models. Such
strategies are feasible in the clinic and prom-
ising results have been reported, especially
on intratumoral delivery of herpes virus
vectors,” unmethylated cytosine-phosphate-
guanine (CpG) oligonucleotidesw ! and viral
RNA mimetics based on polyinosinic:poly-
cytidylic acid (poly L:C)," " mRNAs'* and
¢DNA plasmids."” Lesions located in the skin
or close to the body surface are preferred,
but image-guided injections are feasible and
convenient.

BO-112 is a poly I:C moiety that is nanopar-
ticled on conjugation to polyethylenei-
mine.'” ' Tts effects on tolllike receptor
(TLR)3, melanoma differentiation-associated
protein 5 (MDAJb) and protein kinase RNA-
activated (PKR) explain the observed potent
activities on innate immune signaling, acting
as a RNA-viral mimetic.""™"? Experiments in
mouse-transplanted models'” showed that
intratumoral injection of BO-112 was able to
elicit potent local antitumor effects that were
contingent on the immunocompetence of the
mice treated. Immunogenic cell death and
cross-priming of tumor antigens are involved,
as well as activation signals in antigen-
presenting cells in an environment enriched
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with type I interferons. Mice rejecting tumors became
immune to rechallenge, but efficacy against distantly
implanted untreated tumor lesions was seldom observed.
Combinations with costimulatory anti-programmed cell
death protein 1 (PD-1) and anti-CD137 monoclonal anti-
bodies enhanced such therapeutic effects at least to some
extent. Given the preclinical efficacy and safety profile of
this drug, clinical trials are in progress (NCT04525859,
NCT04420975, NCT04508140) following published clin-
ical evidence for safety and activity on combination with
pembrolizumab and nivolumab in a few checkpoint-
inhibitor refractory patients.'?

The cyclic GMP-AMP synthase (cGAS)/stimulator of
interferon genes (STING) pathwayisalso critical forinduc-
tion of innate immunity to pathogens and tumors.”’ In
mice, the STING agonist 5,6-dimethylxanthenone-4-acetic
acid (DMXAA) on intratumoral delivery has been shown
to cause tumor regression also mediated by innate and
adaptive immune responses.”' ** Bilateral efficacy against
untreated concomitant tumors was reported in some
instances.”’ DMXAA, which is readily active on mouse
STING, is not active on most allelic variants of human
STING,?" even though other synthetic STING agonists
have been developed and tested in clinical trials with thus
far weak signals of therapeutic activity following local
therapy, either as single agents or combined with systemic
anti-PD-1 monoclonal antibodies.” **

Given the fact that BO-112 and DMXAA act on different,
but partially overlapping pathways, we tested the combi-
nation of such agents for intratumoral injections and
discovered powerful synergistic activities able to control
untreated distant disease.

MATERIAL AND METHODS

Mice

C57BL/6 and BALB/c mice were purchased from Harlan
Laboratories (Barcelona, Spain). C57BL/6 Batf3tm1K-
mm/] (basic leucine zipper ATF-like transcription factor
3 (BATF3) knockout (KO))® or wild type (WT) coun-
terparts were kindly provided by Dr Kenneth M Murphy
(Washington University, St. Louis, Missouri, USA) and
bred at the Center for Applied Medical Research (CIMA)
animal facility. C57BL/6 interferon (IFN)-a/ bR®/°
(IFNAR KO)* and C57BL/6 Tmeml73%/] (STING
KO)?" were kindly gifted by Dr Matthew Albert (Institut
Pasteur, Paris) and Dr Gloria Gonzalez Aseguinolaza
(CIMA, Spain), respectively, and bred at the CIMA animal
facility. Female mice were used at 8-12 weeks of age and
housed under specific pathogen-free conditions.

Cell lines and cell cultures

B16-OVA mouse melanoma cells and MC38 mouse colon
carcinoma cell lines were kindly gifted by Dr Lieping Chen
(Yale University, New Haven, Connecticut, USA) and Dr
Karl E Hellstrom (University of Washington, Seattle, Wash-
ington, USA), respectively. Cells were grown in Roswell
Park Memorial Institute 1640 media supplemented with

GlutaMAX (Gibco), 10% heatinactivated fetal bovine
serum (FBS), 50 pM 2-mercaptoethanol, 100 U/mL peni-
cillin, and 100 ng/mL streptomycin at 37°C with 5% CO,
(complete media). B16.OVA tumor cells were grown in
complete media supplemented with 400 pg/mL Gene-
ticin (Gibco). Cells were collected for tumor studies
when they reached exponential growth during that week
of culture. The CD8a" conventional type 1 dendritic cells
(cDCI)-like MutuDCI cell line was kindly provided by Dr
Hans Acha-Orbea (University of Lausanne, Epalinges,
Switzerland) and grown as previously described.”® Bone
marrow-derived ¢DC1 were generated from C57BL/6
mice as previously described.” All cell lines were tested
monthly for mycoplasma contamination (MycoAlert
Mycoplasma Detection Kit, Lonza).

Mouse tumor models

To determine the abscopal effect, and depending on the
mouse tumor model, 4x10° MC38, B16.OVA or mouse
mammary adenocarcinoma TSA tumor cells were subcu-
taneously injected into the right flank of C57BL/6 (MC38
or B16.OVA) or BALB/c (TSA) mice, whereas the left
flank received a subcutaneous injection of 2x10° (MC38
or TSA) or 1.25x10° (B16.OVA) tumor cells. When
right tumors reached a tumor volume of 40-50 mm’
(approximately 1week after tumor inoculation), mice
were randomized into different treatment groups
and, depending on the experiment, right tumors were
injected intratumorally with 50 pg of BO-112 (Highlight
Therapeutics, Valencia, Spain) and/or 100 pg of STING
ligand DMXAA (Invivogen, Toulouse France), 50 pg of
TLRY ligand CpG oligodeoxynucleotides (ODN) 1585
(Invivogen), CpG ODN 1668 (Invivogen), CpG ODN
2395 (Invivogen), or 30pg agonistic anti-CD40 (BioX-
cell, Lebanon, NH). Control mice received intratumoral
injections of phosphate buffered saline (PBS) containing
5% glucose and/or 5% dimethyl sulfoxide (DMSO),
negative ODN control (Invivogen) or rlgG (BioXcell)
when appropriate. Treated and untreated tumors were
measured twice a week with calipers and the volume was
calculated (length x width®/2). Additionally, mice were
monitored for survival and euthanized when any tumor
size reached a diameter of 15mm or mice displayed signs
of distress. In some experiments, C57BL/6 mice deficient
for BAFTS3, interferona./3 receptor (IFNAR)1 or STING
or their WT counterparts were used.

For selective depletion studies of immune cell subsets,
mice were intraperitoneally treated with 100pg, anti-
NKI.1 (clone PK136, BioXcell), anti-CD8p (clone Lyt3.2,
BioXcell) or anti-CD4 (clone GKI.5, BioXcell) on days 6
and 9 after tumor inoculation followed by weekly intra-
peritoneal injections until the end of the experiment to
deplete NK, CD8 and CD4 T cells, respectively, without
altering CD8+ DC. Control mice received intraperitoneal
injections of rat IgG (BioXcell).

In some experiments, daily intraperitoneal injections of
50pg of the sphingosine 1-phosphate inhibitor FTY720
(Sigma-Aldrich) or PBS were given to some mice for the
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duration of the BO-112/DMXAA regimen to evaluate the
role of T cell recirculation in the MC38 bilateral tumor
mouse model.

To evaluate the spatial requirements for co-injections
of BO-112 and DMXAA, 4x10° MC38 tumor cells were
injected subcutaneously into the left and right flanks,
and 2x10° tumor cells were injected subcutaneously in
the upper dorsal region. When right and left tumors
reached 80—100mm3, mice were randomized to three
groups. The control group received intratumoral injec-
tions of 5% glucose and 5% DMSO in PBS to both right
and left tumors, a BO-112 +DMXAA group received
BO-112 and DMXAA intratumoral injections in the right
tumor, and BO-112/DMXAA group received BO-112
intratumoral injection in the right tumor, but DMXAA
in the left tumor. The untreated third-party tumor was
left untouched in all groups. Similar experiments were
performed in the MC38 bilateral tumor model separately
treating the tumors.

PD-1 blockade therapy was provided by intraperitoneal
100 pg anti-PD-1 (clone RMP1-14, BioXcell) on days 8, 10
and 12. Control mice received intraperitoneal injections
of rat IgG.

Flow cytometry

For analysis of the immune cell component in tumors,
draining lymph nodes (dLN) and spleen, MC38 or
B16.OVA tumor-bearing mice were treated with vehicle
control, BO-112 and/or DMXAA when right tumors
reached 80 mm®. Organs were collected at the indicated
time points following completion of treatments with two
doses of BO-112 and/or DMXAA. Organs were mechan-
ically disrupted, and single-cell suspensions were gener-
ated as previously described.'” The distribution of immune
cells in tumors, tumor dLLNs and spleen was evaluated by
flow cytometry. Single-cell suspensions were stained with
monoclonal antibody (mAb) as previously described.™ *!
Additionally, the CD8 T cell compartment (CD45+CD19-
TCRB+NKI1.1-CD8+CD4-) was analyzed for antigen spec-
ificity (gp70 pentamer or MHC tetramer H-2K” OVA
SIINFEKL). The Foxp3/TF staining buffer kit (eBiosci-
ence, San Diego, California, USA) was used according
to manufacturer’s instructions for intracellular staining.
CD4 T cells and Tregs were defined as CD45+CD19-
TCRB+NKI1.1-CD8-CD4+Foxp3-  and CD45+CD19-
TCRB+NK1.1-CD8-CD*+CD25+Foxp3+, respectively. For
analysis of DC subsets, cells were gated as CD45+CD19-
F4/80-TCRB-NK1.1-MHCII+CD11c+ and further identi-
fied as ¢cDC1 (CD11b-) or ¢cDC2 (CD11b+). Monocytes/
macrophages were identified as CD45+CD19-TCRp-
NKI.1-CD11b+Ly6C+. In in vitro experiments using cDC1
cells, the expression of CD40, CD80 and CD86 maturation
markers as median fluorescence intensity were evaluated
in cDC1 cells (CD45+CD11c+MHCII+CD24+CD11b-
CD103+XCRI1+). For a detailed description of the mAbs
used see online supplemental table 1. Stained cells were
analyzed with Cytoflex LX (Beckmann Coulter, Indianap-
olis, Indiana, USA). Fluorescence minus one or biological

comparison controls were used for cell analysis. FlowJo
software (TreeStar) was used for data analysis.

Multiplexed immunofluorescence staining

A five-color multiplex immunofluorescence panel based
on tyramide signal amplification was used for simultaneous
detection of CD3 (T cells), CD8 (cytotoxic T lymphocytes
(CTLs)), Foxp3 (regulatory T cells), Ki67 (proliferating
cells) and diamidino-2-phenylindole (DAPI) on tumor
sections from formalin-fixed paraffin-embedded (FFPE)
samples. The validation pipeline for the multiplex immu-
nofluorescence protocol has been previously described
by our group.” Briefly, 4 pm thick sections obtained from
FFPE tissue blocks were deparaffinized and rehydrated
from ethanol to water. Antigen retrieval with citrate (pH®6,
PerkinElmer) or EDTA (pHY, Dako) target retrieval solu-
tion was performed at the beginning of each sequential
round of antibody staining. Each round consisted of heat-
induced antigen retrieval followed by protein blocking
(Antibody Diluent/Block, Akoya Bioscience), incubation
with primary antibody, anti-rabbit secondary antibody
(Opal Polymer anti-rabbit horseradish peroxidase Kit,
Perkin Elmer) finishing with Opal fluorophore incu-
bation diluted in 1XPlus Amplification Diluent (Akoya
Bioscience). The panel included the following primary
antibodies: CD3 (rabbit monoclonal, clone SP7, 1:100,
Abcam, REF. ab16669), CD8 (rabbit monoclonal, clone
D4W2Z, 1:500, Cell Signaling Technology, REF. 98941),
Foxp3 (rabbit monoclonal, clone D60O8R, 1:500, Cell
Signaling Technology, REF. 12653) and Ki67 (rabbit poly-
clonal, 1:500, Abcam, REF. ab15580). At the end of the
protocol, nuclei were counterstained with spectral DAPI
(Akoya Biosciences) and sections were mounted with
Faramount Aqueous Mounting Medium (Dako).

Whole tissue sections were scanned on a Vectra-Polaris
Automated Quantitative Pathology Imaging System
(Akoya Biosciences). Akoya Biosciences' Inform software
(V.2.4.8) was used to remove the autofluorescence deter-
mined by an unstained slide and to perform the spectral
unmixing of the images. Informative fields were selected
for microphotography.

Serum cytokine analysis

The level of cytokines in the serum or supernatant of cell
cultures was measured using a multiplex assay (Luminex
MAGPIX Instrument System, Thermo Fisher Scientific,
Waltham, Massachusetts, USA) with a custom designed
Cytokine 13-Plex Mouse ProcartaPlex Panel (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) following
the manufacturer’s instructions.

Crispr/Cas9 sting knockout

TSA parental, CRISPR/Cas9 mock-silenced and STING-
silenced variants were generated in Dr Wen H Shen’s labo-
ratory (Weill Cornell Medicine) and grown in Dulbecco's
Modified Eagle Medium (DMEM) media supplemented
with 10% FBS and 50 pM 2-mercaptoethanol. TSA tumor
cells were then transfected with pSpCas9(BB)-2A-Puro
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(PX459) V2.0 (Addgene #62988) for 48hours. After
transfection, cells were treated with 2.0pg/mL puro-
mycin for 48hours. The remaining live cells were
plated to a 96-well plate. Single clones were picked up
and western blot using the monoclonal antibody anti-
STING clone D2P2F (Cell Signaling Technology) was
performed for STING KO verification following manu-
facturer’s instructions. Single-guide (sgRNA) sequences
used to delete the Sting gene were Exonl-guidelF caccg
CAGTAGTCCAAGTTCGTGCG and Exonl-guidelR aaac
CGCACGAACTTGGACTACT Ge.

RNA sequencing and data analysis

MC38-derived treated tumors were collected 24hours
following a single dose of vehicle control, BO-112 and/
or DMXAA. Treated tumors were collected in RNAI-
ater (Sigma-Aldrich) and stored at —20°C until further
processing. Total RNA was isolated using RNeasy Midi
isolation kit (Qiagen) according to manufacturer’s
instructions. RNA sequencing was prepared using the
TruSeq Stranded mRNA LT Sample Prep Kit (Illumina,
California, USA) under standard protocol. The quality
and quantity of samples used for RNAseq analysis were
examined using an RNA 6000 Nano LabChip on a 2100
Bioanalyzer (Agilent Technologies) and Qubit 2.0. Then,
RNAseq was conducted on 15 samples on the Illumina
NovaSeq6000 platform. Raw RNA-Seq reads were depos-
ited in the gene expression Omnibus (GEO) database of
the National Center for Biotechnology Information and
are accessible through GEO Series accession number
GSE184157 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgiracc=GSE184157).

For RNAseq data analysis, first, quality control of all
samples were performed with FastQC tool (http://www.
bioinformatics.bbsrc.ac.uk/projects/fastqc). Before
alignment, reads with low quality and adapters were
removed using Trimmomatic.”® Matrix of raw counts was
obtained using STAR aligner™ with mm39 assembly and
annotated with Gencode V.M27. The analysis of differ-
entially expressed genes was carried out following the
bioinformatics workflow provided by limma to allow the
analysis of RNAseq experiments using linear models.
First, the data sets were normalized using the trimmed
mean of M-values normalization, then the log,counts per
million values were calculated using voom from limma
package and the normalized expression matrix was used
for statistical analysis with limma.” Genes with less than
five counts in all the samples (non-expressed genes) were
removed from the analysis before normalization. We
selected the set of genes differentially expressed for each
comparison using the criteria of p value <0.05.

Statistical analysis

Each experiment was performed using five to six mice
per group. A one-way analysis of variance (ANOVA) test
with Tukey’s post-test analysis, a two-way ANOVA test with
Tukey’s post-test analysis, and a log-rank test were used,
when appropriate, to determine statistical significance

(GraphPad Prism V.6.0, La Jolla, California, USA). P
values were considered statistically significant when
p<0.05.

RESULTS

Intratumoral co-injection of nanoplexed poly I:C (B0-112) and
the DMXAA STING agonist synergize to control treated and
untreated tumor lesions

Distant efficacy following intratumoral immunotherapy
is crucial to achieve clinically meaningful results. There-
fore, we comparatively tested several immunotherapy
agents therapeutically active following repeated intratu-
moral injections, and tumor growth was followed over
time both in treated and untreated tumor lesions. Groups
of mice bearing bilateral MC38-derived tumors, as sche-
matized in figure 1A, were treated with the different
agents and schedules. The directly injected tumors
remarkably responded to the treatment with BO-112, as
well as to treatments with the DMXAA STING agonist
and class B and C CpG oligonucleotides, which resulted
in the complete regression of 60%—-100% of the tumors
(figure 1B—C). In contrast, untreated contralateral tumors
lethally progressed in most animals independently of the
treatment, although with some observable delays in their
growth and a few cases of bilateral efficacy for CpG oligo-
nucleotides (figure 1B-D).

Next, we examined if intratumoral co-injections of
two agents could attain better efficacy on the untreated
lesions repressing distant metastatic disease (figure 2).
As shown in figure 2A, co-injections of BO-112 and
the DMXAA STING agonist at the same dosages as in
figure 1A in MC38 tumors were able to completely control
the injected lesions and to eradicate distant disease in 6
out of 12 instances, showing clear delays in tumor growth
in those animals that did not achieve complete rejec-
tion (figure 2C). Such combined efficacy was leading to
long-term survival (figure 2E). Local and systemic effi-
cacy was also substantiated against B16.OVA bilaterally
engrafted tumors with 2 out of 10 mice surviving long
term (figure 2B, D and F).

Intratumoral co-injections of BO-112 with other agents
such as agonistic anti-CD40 mAb and class A to C CpG
oligonucleotides did not achieve synergistic effects against
untreated malignant lesions (online supplemental figure
1). Given these findings, we decided to focus on co-injec-
tions of BO-112 and STING agonists for local and systemic
cancer treatments.

Antitumor CD8+ T cell lymphocytes underlie the intratumoral
co-injection effects of B0-112 and DMXAA

The activity of both BO-112 and STING agonist agents is
reportedly due to the activity of CD8 T cells.'”?'%2 Accord-
ingly, we decided to study if intratumoral co-injections
could lead to stronger CD8 T cell-mediated antitumor
effects. To that end, tumors treated as in figure 1A were
surgically excised on day 11, when effects on tumor size
started to be macroscopically evident (figure 3A) and cell
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Figure 1

Days after tumor inoculation

Intratumoral immunotherapy agents control directly injected tumor lesions but not distantly engrafted

tumors. MC38 tumor-bearing C57BL/6 mice were treated intratumorally with 50 pg of BO-112, 100 pg of STING ligand
5,6-dimethylxanthenone-4-acetic acid (DMXAA), 30 pg of anti-CD40, or 50 pg of toll-like receptor 9 agonists. Rat IgG/dimethyl

sulfoxide/oligodeoxynucleotides control was used in control mice.

(A) Schematic representation of the dosing time course and

regimen followed for each treatment. (B) The tumor growth (mm?®) is shown for each individual mouse in treated (upper panels)
and untreated (lower panels) tumors. The numbers under each graph represent the fraction of mice that achieved complete
tumor regression for each tumor type. (C) The average of in vivo tumor growth is shown for treated (left panel) and untreated
(right panel) tumors. (D) The percentage of survival over time is shown for experiments in B. Data are representative of three
independent experiments with six mice per group (mean+SEM). Two-way analyses of variance (ANOVAs) (C) or log-rank (D)
tests were used to assess significance. Significant differences are displayed for comparisons of each group with the BO-112

group (*p<0.01, **p<0.001, ***p<0.0001).

suspensions from such tumors were analyzed by multi-
parametric flow cytometry. Intratumoral BO-112 and
DMXAA-treated tumors showed synergistic evidence of
containing larger quantities of CD8 T cells per gram of

tumor tissue when compared with BO-112 or DMXAA
single-agent treated tumors or tumors injected with
vehicle (figure 3B). Co-treatments resulted in higher CD8
to Treg ratios (figure 3C). Moreover, when analyzing CD8
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Figure 2 Synergistic local and abscopal efficacy of intratumoral co-injections of BO-112 and the DMXAA STING agonist. (A-B)
The in vivo tumor growth (mm?®) for individual MC38 (A) or B16.0VA (B) tumor-bearing mice is shown for treated (upper panels)
and untreated (lower panels) tumors. (C-D) The means (+SEM) of tumor size volume (mm?®) for in vivo tumor progression are
shown for treated (upper panel) and untreated (lower panel) MC38 (C) and B16.0VA (D) tumors. (E-F) The percentage of survival
for MC38 (E) or B16.0VA (F) tumor-bearing mice is shown over time. The numbers under each graph represent the fraction of
mice which achieved complete tumor regression. Data represent two independent experiments of a total of three (MC38 model)
or two (B16.0VA model) experiments with five to six mice per group. Two-way analyses of variance (ANOVAs) (C-D) or log-rank
(E-F) tests were used to assess significance. Significant differences are displayed for comparisons of each single-treatment
group with the BO-112 +DMXAA group (*p<0.01, **p<0.001, ***p<0.0001). DMXA, 5,6-dimethylxanthenone-4-acetic acid.
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Figure 3 The intratumoral treatment with BO-112 and the STING agonist DMXAA increases the presence of effector CD8

T cells in the tumor microenvironment in both directly treated and untreated tumors. MC38 tumor-bearing mice received two
doses of BO-112 and/or DMXXA following the dose regimen described in figure 1A and tumors and tumor draining lymph nodes
(dLN) were collected 24 hours after the last treatment. Experimental group results are color coded as indicated. (A) The weight
of tumors is shown for each treatment on day +11. (B) Total number of CD8 T cells per gram of tissue. (C) The ratio between
CD8 and Tregs in the tumors is shown. (D) The number of gp70* CD8 T cells is shown per gram of tumor. (E-F) Number of CD4
(D) and CD4 Tregs (E) per gram of tissue. (G) Representative microphotograph of H&E-stained sections from inflamed tissue
that surrounds the area where intratumoral BO-112/DMXAA-treated tumors had been located and rejected, with magnification
of the indicated region of interest. Scale bars represent 100 um and 25 um. (H) Representative images of multiplexed
immunofluorescence of treated tumors stained for CD8, FOXP3, Ki67 and diamidino-2-phenylindole with magnifications of

the indicated regions of interest. Scale bars represent 500 um and 100 um. (I-N) In separate experiments in which untreated
contralateral tumors were excised 72 hours following the two-treatment schedule, tumor weight (1), density of CD8 T cells (J),
ratio CD8/Tregs (K), content of gp70 antigen-specific CD8 T cells (L), CD4 T cell density (M) and Treg density (N) were assessed.
Data represent an experiment with six or five mice per group for flow cytometry or tissue immunofluorescence analyses,
respectively (mean+SEM). A one-way analysis of variance (ANOVA) was used to assess significance. Significant differences

are displayed for comparisons of each single-treatment group with the BO-112 +DMXAA group (*p<0.05, **p<0.01, ***p<0.001,
****pn<0.0001). DMXAA, 5,6-dimethylxanthenone-4-acetic acid.
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T cells specific for the gp70 immunodominant tumor
epitope with H2-k” pentamers, a synergistic increase in
their numbers per gram of tumor tissue was observed
(figure 3D). In contrast, the numbers of conventional
CD4 T cells (CD4+Foxp3-) within the tumor microenvi-
ronment were not altered by intratumoral co-injections of
BO-112 and the STING agonist (figure 3E), while Tregs
(CD4+CD25+Foxp3+) followed a trend towards a reduc-
tion in their numbers (figure 3F). To confirm these find-
ings, we evaluated the CD8 T cell and Treg component
of treated tumors by multiplexed tissue immunofluores-
cence. Strikingly, four out of five cases of co-treated malig-
nant tissues were completely necrotic and surrounded
by an infiltrate in which neutrophils were prominent
(figure 3G). Both DMXAA and BO-112 increased CD8
T cells and reduced Foxp3+ lymphocytes and this was
also noticeable in the only case of co-treated tumors in
which a DAPI/Ki67+ tumor region remained observable
(figure 3H).

Regarding the tumor dLNs, even if size and cell
content were markedly increased by intratumoral treat-
ments (online supplemental figure 3A), we were not
able to detect synergistic numeric increases of CD8 T cell
lymphocytes or Gp70-specific CD8 T cells as a result of
co-treatment, at least at the time point of analysis (online
supplemental figure 3B-D). Each intratumoral treat-
ment agent increased content of CD8 T cells and tumor-
specific CD8 T cells in the spleen, but no changes could
be attributed to the combination of intratumoral agents
(online supplemental figure 3A-D).

From the point of view of circulating cytokines, BO-112
resulted in a clear increase in type I IFNs, IL-12, 1L-18,
TNFo. and CXCLI10 chemokine (online supplemental
figure 2). However, STING agonist either did not cause
systemic circulating elevations or only enhanced those
observed on treatment with BO-112. These patterns may
become important to avoid safety concerns due to overt
systemic inflammation or cytokine release syndromes.
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Important lymphocyte presence changes were observed
in contralateral tumors 72hours following treatment
regimen completion, with such untreated tumors already
decreasing size (figure 3I). These changes on combined
injection included increases in CD8 T cell density
(figure 3J), increases CD8/Treg ratios (figure 3K) and,
importantly, increases in density of CD8 T lymphocytes
recognizing the Gp70 tumor antigen (figure 3L). Both
BO-112 and DMXAA as well as the combination reduced
the density of CD4 T cells and BO-112 or the combina-
tion reduced Tregs (figure 3M and N). Similar observa-
tions were made in the B16.OVA tumor model (online
supplemental figure 4A-F). Notably, in this B16.OVA
model, increases in the density of CD8 T lymphocytes
recognizing ovalbumin were observed in the microenvi-
ronment of the untreated distant tumor lesions (online
supplemental figure 4D).

The absolute requirements for CD8 T cells were
confirmed in selective depletion experiments that
demonstrated CD8 T cell dependency, whereas CD4+ and
NKI.1+ lymphocytes were dispensable (figure 4A-B). Of
note, CD4 depletion improved efficacy in terms of survival
(figure 4B), as previously reported for single agent
BO-112. This is most likely attributable to the depletion
of Tregs.'”*

The efficacy on non-injected contralateral tumors
following co-injection of BO-112 plus DMXAA is probably
explained by CD8 T cells reaching the untreated tumor
sites. Indeed, results in figure 3L and online supple-
mental figure 4D indicated more abundance of tumor-
specific CTLs in the untreated tumor site on combined
treatment in both the MC38 and B16.OVA tumor models.
To assess if T cell recirculation was required for efficacy,
experiments were performed on blockade of sphingosine
1-phosphate receptor with FTY720. As shown in online
supplemental figure 5, FIY720 treatment completely
abolished contralateral efficacy, while ipsilateral efficacy
was preserved.

MC38

rat IgG

anti-NK1.1

anti-CD8

anti-CD4

BO-112 + DMXAA rat IgG
BO-112 + DMXAA anti-NK1.1
BO-112 + DMXAA anti-CD8
BO-112 + DMXAA anti-CD4

AL NN

*k

14 42 56
Days after tumor inoculation

Figure 4 CD8 T cells are critical for the synergistic effects of BO-112 and DMXAA intratumoral co-injections. MC38 tumor-
bearing mice were treated as described in figure 1A. Mice received intraperitoneal injections of rat IgG, anti-NK1.1, anti-CD8p3
or anti-CD4 to deplete NK/NKT, CD8 and/or CD4 T cells respectively as color coded in the graphs. (A) The mean (+SEM) of
tumor size (mm®) is shown for treated (left panel) and untreated (right panel) tumors. (B) The percentage of surviving mice is
shown over time. Data are representative of two independent experiments with six mice per group (mean+SEM). Two-way
analyses of variance (ANOVAs) (A) or log-rank (B) test were used to assess significance. Significant differences are displayed
for comparisons of each group with BO-112 +DMXAA group without depletion (*p<0.05, **p<0.01, **p<0.001, ***p<0.0001).

DMXAA, 5,6-dimethylxanthenone-4-acetic acid.
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Figure 5 Conventional type 1 dendritic cells (cDC1), endogenous expression of type | interferon receptors and STING function
in the host mouse are critical for the combined local and distant effects (A-C) The average of in vivo tumor growth (mmd)

is shown for treated (left panel) and untreated (right panel) tumors in BATF3 (A), IFNAR (B) or STING (C) knockout mice. (B)

The percentage of survival is shown for BATF3 (D), interferon-o/ receptor (IFNAR) (E) or STING (F) knockout mice. Data are
representative of two independent experiments with five to six mice per group (mean+SEM). Two-way analyses of variance
(ANOVAs) (A-C) or log-rank (D-F) tests were used to assess significance. Significant differences are displayed for comparisons
of each single-treatment group with the BO-112 +DMXAA group (*p<0.05, **p<0.01, **p<0.001, ****p<0.0001). BATF3, basic
leucine zipper ATF-like transcription factor 3; DMXAA, 5,6-dimethylxanthenone-4-acetic acid.

All considered, bilateral efficacy on intratumoral co-in-
jection of BO-112 and DMXAA requires the function of
CTLs, which at some point must recirculate from the
treated site to the non-treated lesions.

¢DC1, STING and responsiveness to type | IFN in the host
mouse are required for combined antitumor efficacy

Given the known mechanism of action of BO-112 and
STING agonists and the key role of CD8 T cells for their
efficacy,'” *' * we examined the requirements for CD8 T
cell cross-priming in the antitumor effects of the intra-
tumoral co-injections. As shown in figure 5A, BATF3-
dependent cDCI, which are essential for CD8 T cell
cross-priming, were crucial for the local and contralateral
efficacy of BO-112 and DMXAA following intratumoral

co-injections. Furthermore, both agents are known to
induce type I IFN responses'” *”*® that are also critical for
the CD8 T cell cross-priming by cDC1 cells.* * According
to this notion, we found that the local and contralateral
beneficial effects of intratumoral co-injections of BO-112
and DMXAA were lost in mice unresponsive to type I IFN
due to the lack of IFNARI, even if the tumor cells kept
their IFN receptors intact (figure 5B). Lastly, we evalu-
ated if the presence of STING was critical in the cells of
tumor-bearing mice in order to generate synergy between
BO-112 and DMXAA. Such seemed to be the case, since
experiments in STING knockout mice showed a slight
delay in tumor growth on the locally treated tumors, but
no efficacy on the contralateral lesions when compared
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with their WT counterparts (figure 5C). Consequently,
the improvement on tumor-free survival caused by intra-
tumoral co-injections with BO-112 and DMXAA was
completely lost in tumor-bearing mice lacking BATF3,
IFNARI or STING (figure 5D-F).

Regarding STING involvement, it could be possible
that not only STING in the tumor-bearing host, but also
in the tumor cells could be important for efficacy. To
address this point, we used TSA breast cancer cells in
which STING had been CRISPR/Cas9-silenced (online
supplemental figure 6A) and were engrafted in BALB/c
mice. Intratumoral treatment with BO-112 plus DMXAA
exerted the ipsilateral and contralateral antitumor effects
similarly to what was observed when using parental or
mock-silenced control variants (online supplemental
figure 6B, C). These results are interpreted in the sense
that STING expression by malignant cells is dispensable
for the synergistic bilateral antitumor effects.

The necessary involvement of ¢DCI in the antitumor
synergistic effects of BO-112 and DMXAA co-treatment
prompted experiments on the cDCl-like mouse cell line
MutuDC1.%8 Exposure of such dendritic cells to BO-112,
DMXAA or the combination of both agents resulted in a
very high production of cytokines and chemokines (online
supplemental figure 7A). Interestingly, the combination
of BO-112 and DMXAA gave rise to markedly increased
outputs of IFNa, IL-2, CCL3 and TNFo over single-agent
stimulated cultures (online supplemental figure 7A).
In terms of maturation-denoting markers, both agents
readily increased the surface expression of MHCII, CD86
and PD-LI, but BO-112 resulted in higher CD80 upregu-
lation without any observable additive effects from both
compounds in this regard, except for PD-L1 expression
(online supplemental figure 7B). Moreover, similar
experiments were performed on cDCI cultures generated
by culturing bone marrow cell suspensions with GM-CSF
and FLT3L.” As shown in online supplemental figure 7A,
D, prominent increases of type I IFNs were recapitulated
as well as increases in TNFo and maturation makers, with
a prominent increase of CD40 surface expression (online
supplemental figure 7D). Maturation/activation of cDC1
could be entertained as one of the mechanisms under-
lying the synergistic efficacy of BO-112 and DMXAA with
a postulated prominent role for upregulation of type I
IFNs.

In addition to upregulation of cDCI functions, changes
in their numbers and density could be important as well.
In this regard, both MC38 (online supplemental figure
8) and B16.OVA tumors (online supplemental figure 9)
showed a tendency to increase contents of cDCI1 in the
tumor microenvironment of excised tumors. Of interest,
such increases were also observed in the contralateral
untreated tumors and more prominently so in the case
of B16.OVA tumors (online supplemental figure 8 and
9). Treatment-associated changes in cDC2 content were
not detected (online supplemental figure 8B and 9B). We
also analyzed the content of CD11b+Ly6C+ myeloid cells,
which did not change in the MC38 treated and untreated

tumors, at least at the analyzed time points (online
supplemental figure 8C).

The prominent role for type I IFN and type I IFN-
induced genes was also highlighted by RNAseq studies
on co-treated or single-agent treated tumors 24hours
following single intratumoral injections, although no
qualitative or quantitative differences in transcripts were
found to explain the synergistic effects (online supple-
mental figure 10A-B).

Collectively, experiments on BATF3 KO, functional
effects on cultured cDCI cells and changes in their intra-
tumoral contents support the role of ¢cDCI cells in the
observed synergistic efficacy. Importantly, the strong type
I IFN induction observed is likely to underlie synergistic
efficacy, as also indicated by the experiments in IFNAR
KO mice.

Preserved efficacy even if the co-injection of BO-112 and
DMXAA was performed in separate tumors

To ascertain if co-injections were required or could be
spatially separated in different lesions, experiments were
set up in mice bearing three tumor nodules as outlined
in figure 6A. Local and distant efficacy was reproduced
on co-injections of BO-112 and DMXAA in the same
tumor lesion leading to activity against the two distant
untreated tumors with marked tumor growth delays when
compared with control groups (figure 6B-C). Interest-
ingly, when two different lesions were separately treated
with BO-112 or DMXAA, efficacy against both treated
tumors was preserved and in eight out of 12 mice third-
party untreated tumor lesions also completely regressed
(figure 6B—C). These findings lead to the conclusion that
both treatments could be exerting their antitumor effect
from separate injected tumor metastases, while preserving
systemic efficacy.

In a simpler experimental setting, mice bearing two
MC38-derived tumors were also co-treated in the same
lesion with the two agents or treated with each agent in
a separate tumor (online supplemental figure 11A). In
this experiment, applying the agents to separate tumor
lesions exerted comparable therapeutic efficacy as that
observed on co-injection in terms of tumor size and
survival (online supplemental figure 11B and C).

Intratumoral co-injections of BO-112 and the DMXAA STING
agonist attain greater efficacy if combined with PD-1

blockade

PD-1 blockade is frequently used as a backbone in immu-
notherapy combinations including intratumoral immu-
notherapy.41 = Hence, we tested in B16.OVA bilateral
tumors if the efficacy of co-injections with BO-112 and
the DMXAA STING agonist, which is suboptimal in this
tumor model, could be increased. Systemic PD-1 blockade
via intraperitoneal anti-PD-1 mAb injections along with
intratumoral BO-112 and DMXAA co-administrations
enhanced the efficacy against non-directly injected tumors
(figure 7A-B). As a result, half of the mice receiving this
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Figure 6 Co-injections in the same tumor lesion are not required for local and distant synergistic efficacy as assessed in mice
bearing three tumor lesions. (A) Schematic representation of the dose regimen followed. (B) Graphical representation of the
tumor volume (mm?®) over time for each individual mouse. Upper panels represent the in vivo tumor growth for the right flank
treated tumors, middle panels represent the in vivo tumor growth for the left flank treated tumors and the lower panel represents
in vivo tumor growth for distant untreated third-party tumors. The numbers under each graph represent the fraction of mice

that achieved complete tumor regression. (C) The average tumor growth (mean+SEM) is shown. Data are representative of two
independent experiments with six mice per group (mean+SEM). A two-way analysis of variance (ANOVA) was used to assess
significance. Significant differences are displayed for comparisons of each single-treatment group with the BO-112 +DMXAA
group (*p<0.05, *p<0.01, **p<0.001, ***p<0.0001). DMXAA, 5,6-dimethylxanthenone-4-acetic acid.
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Figure 7 Combination of systemic PD-1 blockade and intratumoral co-injection of BO-112 +DMXAA increases abscopal
efficacy. B16.0OVA tumor bearing mice were treated as described in figure 1A. Mice received anti-PD-1 mAb or control rat

IgG on days 8, 10 and 12 post-tumor cell inoculation. (A) Individual tumor growth (mm?®) is shown for each treatment group
showing injected (upper panels) and untreated (lower panels) tumors. The numbers under each graph represent the fraction of
mice which achieved complete tumor regression. (B) The average tumor size (mean+SEM) is followed for treated (upper panel)
and untreated (lower panel) tumors. (C) The percentage of survival is shown over time. Data represent an experiment with six
mice per group (mean+SEM). Two-way analyses of variance (ANOVAs) (B) or log-rank (C) tests were used to assess statistical
significance. Statistically significant differences are displayed for comparisons of each group with the rat IgG +BO-112+DMXAA
group (*p<0.05, **p<0.01, **p<0.001, ***p<0.0001). DMXAA, 5,6-dimethylxanthenone-4-acetic acid; mAb, monoclonal

antibody; PD-1, programmed cell death protein 1.

therapeutic strategy rejected both tumors, resulting in a
clear increase of overall survival (figure 7C).

DISCUSSION

Intratumoral immunotherapy has been thus far mainly
developed with single agents. These schemes involve
intratumoral or locoregional delivery of an agent that
is sometimes vehicled with substances that facilitate
pharmacokinetics and pharmacodynamics or protect
and extend the action of the immunologically active
compound.” ¥ However, given that immunotherapy
agents could act cooperatively, intratumoral co-injections
of several agents with potential for synergy makes a great

deal of sense. The concept was pioneered by Ronald
Levi’s group on lymphoma-bearing mice treated intratu-
morally with cytotoxic T-lymphocyte-associated protein
4 (CTLA-4), anti-tumor necrosis factor receptor super-
family member 4 (TNFRSF4 or OX40) and CpG oligo-
nucleotide co-injections.” This group also used local
low-dose radiotherapy to further augment the in situ
vaccination effects.*

Inspired by those notions, we have explored the intratu-
moral combination of BO-112 and STING agonists since
both of these compounds are actively undergoing clinical
trials.'® **** First, intratumoral co-injection of such agents
seems to be safe with regard to the well-being of the
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mice at least in terms of behavior and nutritional status.
Second, co-formulations should be feasible in the clinic
for administration with already existing human STING
agonists.37 5

Co-injection was extremely efficacious against locally
injected MC38 tumors and attained efficacy against
contralateral tumors that were refractory to either single-
agent therapy, thereby establishing the proof of concept
for synergistic effects. In our hands, such a potent synergy
could notbe found with the other combinations of BO-112
tested with additional intratumoral agents, although
other combinations, including viral Vectors,46 remain to
be explored. Furthermore, our data do not exclude the
possibility of CpG ODN-based agents in these combina-
tions, although we selected STING agonist because of
more evident synergy even if CpG Class C monotherapy
also exerted effects on the contralateral tumors. In our
opinion, co-injections of STING agonists plus dsRNA-
based agents are not going to be the only intratumoral
immunotherapy agents able to synergize on co-injection.

The described mechanisms of action for BO-112 and
STING agonists'” ** are known to partially overlap, but
still offered an opportunity to influence different path-
ways and cell types.” *’ Indeed, we might be seeing in
tumor tissues the mimicry of intracellular viral or bacte-
rial infection® that is perceived by the detection of
dsRNA and gene stress or the ectopic cytoplasmic pres-
ence of DNA. For instance, during RNA viral infection,
virus RNA should coexist with nuclear and mitochondrial
DNA coming from dying or dead infected cells. Both
elements denote danger and infection in such a manner
that might have evolutionary converge to ensure that an
immune response only takes place on dangerous infec-
tions.* Interestingly, some level of local tumor cell death
is described to take place following BO-112 single-agent
intratumoral delivery.'? '’

Our experiments reveal that very strong tumor-specific
CD8 T cell-mediated immune responses are behind the
synergy. Such a response is contingent on cDCl-mediated
cross-priming,”’ which is postulated to be synergistically
enhanced by BO-112 plus DMXAA co-treatment and
seems to reflect this activity on cultured cDCl-like cells.
Experiments on cultured MutuDCI cells*® and c¢DC1
BM-derived cultures® showed a very prominent increase
in the secretion of type I IFNs on combined stimulation
with BO-112 and DMXAA. The necessary role of cDCI
uncovered by BATF3-deficient mice and the need for
IFNAR in the tumor bearing host, together with the
increased type I IFN secretion, collectively suggest a
train of events conducive to more robust antitumor CTL
responses. We have not observed quantitative differences
in macrophages infiltrating tumors at the analyzed time
points, but functional changes remain to be explored in
accordance to previous reports.”! %

Certainly, more powerful CTLs may explain the systemic
therapeutic effects, as CD8 T cell and cross-priming depen-
dency has been previously described for both agents when
applied as single-agent intratumoral treatments.'” 2! 22

Contralateral effects on uninjected tumors are associated
with more abundance of tumor antigen-specific CD8 T
cells and ¢DCI1 cells in these distant locations. The exact
train of events sensitizing the contralateral non-injected
tumors for the immunotherapy intervention remain to be
seen. However, we have observed that FTY720-inhibitable
T cell re-circulation is required for contralateral, but not
for ipsilateral efficacy.

BO-112 via TLR3 and MDA5 would converge with
STING activation towards the TBKI-IFNa/B signaling
axis."” ' ® We surmise that this signaling route is also
induced at the level of engrafted malignant cells, but
our results in knockout mouse strains indicate that the
effects required for therapeutic efficacy take place mainly
in endogenous cells of the tumor bearing mice. Once
induced, the type I IFN system exerts multiple antitumor
effects that chiefly induce local enhancement of antigen
presentation/cross-presentation™ ** and critical effects
on responding cDC1 and CD8 T cells.” **7 It is of note,
that chronic STING and type I IFN activation in tumor
cells could be deleterious,” perhaps suggesting that inter-
mittent exposure to these intratumorally applied stimuli
is preferable. Our transcriptomic data also support the
key involvement of type I IFNs, although no evident tran-
scriptional differences at 24 hours following single dose
intratumoral injections were found to explain the synergy.

To our surprise, BO-112 and STING agonists could be
delivered to separate tumor lesions while still preserving
synergistic effects against third-party untreated tumor
lesions. Thus, our results indicate that the mechanisms
can be spatially separated while preserving most of the
efficacy, which could offer some advantages in terms
of the clinical translation of this therapeutic approach.
In fact, we have not optimized the doses and schedules
of the BO-112 + DMXAA combination. With STING
agonist, relatively low doses are preferred since raising
doses has been shown to reduce the intensity of CD8
T cell responses.”” With regard to local TLRS agonists,
there is no available evidence for deleterious effects from
overdosing® and this provides an opportunity for dose
and schedule refinements. For the time being, we have
conducted our experiments based on the previously
reported single-agent doses.'” %

Our study opens up the pathway to other intratumoral
immunotherapy combinations that might include a
means for gene transfer using immunity enhancing trans-
genes, including virotherapy.* ** Addition of systemic PD-1
blockade to the treatment regimen is frequently contem-
plated in development and we have found at least additive
effects with intratumoral co-injection of BO-112 plus a
STING agonist. The postulated train of events is that type
I IFN, and eventually IFNY from tumor-reactive T cells,
induces PD-L1 expression on malignant cells. Therefore,
blocking this negative feedback loop makes mechanistic
sense as we had previously reported with RNA viral vectors
encoding IL-12.%" In our view, using pathogen-associated
molecular patterns (PAMPs) instead of viral vectors for
combined intratumoral immunotherapy may be more
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convenient because of feasibility of simpler pharmaceu-
tical combinations. For instance, combining additional
intratumoral agents together with talimogene laher-
parepvec to increase efficacy seems more difficult in our
opinion if compared with PAMPs.

The need in the clinic for combined approaches such
as the one proposed here is obvious, since neither agent
has shown sufficient antitumor efficacy when intratumor-
ally administered as monotherapy. All things considered,
BO-112 and STING agonists can be separately formu-
lated, injected into human-accessible tumor metastases
and nothing precludes co-injections using the same route
or even the same syringe.”' With a view to the clinic, dose
and schedule optimizations of each agent will be neces-
sary, but in our opinion, co-formulation in a single prepa-
ration is a definite alternative. Further opportunities may
involve irradiation of locally injected lesions (Rodriguez-
Ruiz ME et al., manuscript in preparation). In any case,
the objective is to achieve not only local control of the
injected disease but more importantly, efficacy against
distant tumor lesions, as our experiments in mice bearing
bilateral tumors have revealed.
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