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Abstract

The delivery of immunomodulators directly into the tumor potentially harnesses the existing
antigen, tumor-specific infiltrating lymphocytes, and antigen presenting cells. This can confer
specificity and generate a potent systemic anti-tumor immune response with lower doses and less
toxicity compared to systemic administration, in effect an in situ vaccine. Here, we test this
concept using the novel combination of immunomodulators anti-CTLA4, -CD137, and -OX40.
The triple combination administered intratumorally at low doses to one tumor of a dual tumor
mouse model had dramatic local and systemic anti-tumor efficacy in lymphoma (A20) and solid
tumor (MC38) models, consistent with an abscopal effect. The minimal effective dose was 10 pg
each. The effect was dependent on CD8 T-cells. Intratumoral administration resulted in superior
local and distant tumor control compared to systemic routes, supporting the in situ vaccine
concept. In a single tumor A20 model, injection close to the tDLN resulted in similar efficacy as
intratumoral and significantly better than targeting a non-tDLN, supporting the role of the tDLN as
a viable immunotherapy target in addition to the tumor itself. Distribution studies confirmed
expected concentration of antibodies in tumor and tDLN, in keeping with the anti-tumor results.
Overall intratumoral or peri-tDLN administration of the novel combination of anti-CTLA4, anti-
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CD137, and anti-OX40, all agents in the clinic or clinical trials, demonstrates potent systemic anti-
tumor effects. This immunotherapeutic combination is promising for future clinical development
via both these safe and highly efficacious routes of administration.
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Introduction

Immune checkpoint therapy has been a breakthrough in cancer treatment with survival
benefits for several types of advanced malignancies [3, 4]. Unfortunately, single agent
immune therapy is not generally curative [4]. Combination of two or more
immunotherapeutic agents may have synergistic efficacy by targeting multiple immune
pathways [5, 6]. However, with single agent immune checkpoint inhibitors, toxicity in the
form of immune-related adverse events can be severe, and for combination therapy, the
potential for toxicity is even higher [5, 7-9].

One approach that may enable combination immune therapy but reduce systemic exposure
and thereby toxicity is through intratumoral administration of immune agents, also referred
to as tumor-directed immunotherapy [10, 11]. The premise of tumor-directed
immunotherapy is to generate an in situ vaccine effect by harnessing the pre-existing tumor-
specific immune cells and tumor antigen present in the tumor microenvironment, thus
generating a systemic anti-tumor immune response. Treating locally to induce systemic
therapeutic results is referred to as the abscopal effect [10, 11]. The rationale for tumor-
directed immunotherapy may extend to the tumor draining lymph node (tDLN), which has
also been shown to harbor tumor-specific T-cells [12, 13].

There are many possible combinations of immune therapies that could be tested. Three
drugs have emerged as good candidates as single agents: anti-(a)CD137 (41BB), a0X40,
and aCTLA4. CD137 and OX40 are both members of the TNFR superfamily, expressed on
T-cells, including tumor-infiltrating lymphocytes, as well as other immune cell subsets [14,
15]. Ligation of these receptors delivers a costimulatory signal to T-cells resulting in
activation [16, 17]. Both agents have been assessed in the early clinical trials, showing
promising efficacy. However, Urelumumab, one of the aCD137 monoclonal antibodies
(mAbs) assessed in clinical trials induced liver toxicity requiring dose reduction for
subsequent trials [18]. Targeting both CD137 and OX40 may be synergistic, as 0X40
engagement can activate T-cells and result in upregulation of CD137 [6]. aCTLA4 isan
immune checkpoint inhibitor, best known for its activity and survival effects in metastatic
melanoma, as well as other solid tumors [19, 20]. However, when given alone, clinical
benefits are limited to only a subset of patients and is associated with significant immune-
related toxicity [7, 9]. Immune checkpoint and costimulatory pathways have fundamentally
different mechanisms with potential for therapeutic synergy as a ‘release the brakes and push
the gas pedal’ approach [21].
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In situ vaccination targeting the tumor or tDLN with low doses of immune activating agents
has the potential to promote an abscopal effect while circumventing excessive toxicity,
allowing the use of synergistic combinations, and improving clinical responses. Here, we
test this concept using the novel immunotherapeutic combination aCD137, aOX40, and
aCTLA4 in two mouse tumor model systems.

Materials and methods

Mice

BALB/C and C57BL/6 female mice age 6-8 weeks were purchased from The Jackson
Laboratory and housed in the Comparative Medicine Pavilion at the Stanford University
Medical Center. All experiments were approved by the Stanford Administrative Panel on
Laboratory Animal Care and conducted in accordance with Stanford University and NIH
guidelines.

Monoclonal antibodies

Anti-mouse OX40 (CD134) clone 0X86, CD137 (clone LOB12.3), CTLAA4 (clone 9H10),
and depleting antibodies anti-mouse CD8a. (clone 2.43), and CD4 (clone GK 1.5) were
purchased from BioXCell (West Lebanon, NH). Anti-mouse CD28 (clone 37.51) and CD3e
(clone 145-2C11) were purchased from BD Biosciences (San Jose, CA). For flow
cytometry, we used anti-mouse CD4-efluor 450 (clone GK1.5), CD8a-PerCP-Cy5.5 (clone
53-6.7), CD44-APC-efluor 780 (clone 1M7), and FOXP3-PE (clone XMG1.2)
(eBioscience, San Diego CA); anti-mouse IFN-y-PE (clone XMG1.2) (BD Biosciences);
and anti-mouse CD25-APC/CY7 (clone PC61) (Biolegend; San Diego, CA). Live/Dead
fixable aqua dead cell kit (Thermo Fisher Scientific, Waltham, MA) was used to identify
dead cells.

Tumor studies

A20, a mouse B-cell lymphoma-derived cell line, was obtained from American Type Culture
Collection (Manassas, VA). Tumor cells were cultured in complete medium (RPMI 1640;
Cellgro) containing 10% fetal bovine serum (HyClone), 100 U/mL penicillin, 100 mg/mL
streptomycin, and 50 mM 2-ME (Gibco). MC38, a mouse colon cancer cell line, was
donated by Bavarian Nordic Inc. (formerly in Mountain View, California). MC38 cells were
cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum
(HyClone), 100 U/mL penicillin, 100 mg/mL streptomycin, and 50 mM 2-ME (Gibco).

Tumor cells were harvested from culture, while in the exponential phase of growth, counted,
and then washed twice with PBS. Cells were injected subcutaneously bilaterally on the
flanks to create two tumors. For some experiments, a single tumor (left flank) model was
used. For A20, 10 x 10 cells were used for each site, and for MC38, 1 x 106 cells were
injected for each site. Treatment started approximately 8 days after tumor cell inoculation,
when tumors reached approximately 7-10 mm diameter. The MC38 model was administered
a total of 6 (2 per week) intratumoral injections of the triple combination (a CTLA4,
aCD137, and a0X40) at 30 ug each to the left tumor only (Fig. 1a). For A20, 4 biweekly
injections were given at doses and routes of administration as specified for each experiment.
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Intratumoral injections were delivered to the left tumor only. Subcutaneous injections were
to the left or right abdominal wall. Intratumoral (IT) and subcutaneous (SC) injections were
50 pl, intraperitoneal (IP) 100 pl. Cellular vaccines were prepared using 20 x 108 A20 cells
per mouse, suspended in 7 mls RPMI, and irradiated with a cobalt irradiator, 50 Gy. Washed
cells were reconstituted in 50 pl of Pathclear extracellular matrix (Trevigen Inc,
Gaithersburg, MD catalog#3433-005-01) per subcutaneous injection containing 10 g each
of the triple mAb combination.

Tumor measurements by digital caliper were made three times per week. Tumor volume was
calculated using the modified ellipsoidal equation (tumor volume = 1/2 (length x width?2).
As per Stanford University guidelines, mice were sacrificed when tumors reached a
maximum diameter of 1.75 c¢cm, or if tumors became ulcerated. The survival endpoint was
defined as the point at which mice were sacrificed for tumor size or ulceration.

In vivo T-cell depletion

aCD4 and/or aCD8 mAbs were injected intraperitoneally in a volume of 100 pl (PBS) for 4
doses—1 day before therapy and immediately prior to the first 3 treatments. All doses were
100 pg, except the first dose of aCD4 was 200 ug. Flow cytometry of peripheral blood
confirmed greater than 95% reduction of the respective T-cell subsets.

In vitro T-cell assay

Single-cell suspensions were made from spleens of treated mice and red cells were lysed
with ammonium-chloride-potassium buffer (Quality Biological, Gaithersburg, MD).
Splenocytes were cocultured with 1 x 106 irradiated A20 cells or 4T1 cells (irrelevant cell
line) for 24 h at 37 °C and 5% CO in the presence of 0.5 pg/ml anti-mouse CD28 mAb.
aCD28 and a.CD3 (0.05 pg/ml) without tumor cells served as a positive control. Monensin
(GolgiStop; BD Biosciences, San Jose, CA) and brefeldin A (eBioscience, San Diego, CA)
were added for the last 6 h. Intracellular IFN-y expression was assessed using BD Cytofix/
Cytoperm Plus Kit, staining with aCD4, aCD8a, and a.IFN-y and analyzed by flow
cytometry.

Blood toxicity analysis

Blood was drawn by submandibular puncture in anesthetized mice. Analysis was performed
by the diagnostic laboratory at Stanford University Department of Comparative Medicine.

Biodistribution studies

A dual flank tumor A20 model as described above was used. Mice received one injection of
the triple combination (10 pug) by one of several local or systemic routes (Fig. 6a). Volumes
were 50 ul for IT and SC injections, and 100 pl for IP injections. There were nine mice per
injection route sacrificed in groups of three at time points of 3, 6, and 24 h post-injection.
Tissues were collected and flash frozen in liquid nitrogen for later analysis, including both
tumors, bilateral inguinal/tDLNSs, spleen, and blood.

Tissues were homogenized in T-PER® Tissue Protein Extraction Reagent (Thermo
Scientific, Waltham, MA, USA), and centrifuged for 5 min at 10,000xg. The supernatant
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was analyzed for protein content using Pierce™ BCA protein assay kit (Thermo Scientific).
Antibody concentration was measured by ELISA. Recombinant murine OX40 fused to
human IgG1-Fc (#1256-OX, R&D, Minneapolis MN USA), CD137-human IgG1-Fc (#937-
4B, R&D), or CTLA4-murine 1gG1-Fc (#59654, Abcam, Cambridge, UK) were coated in
PBS into 96-well ELISA plates (# 655074, Greiner Bio-One, Kremsmiinster, Austria)
blocked with 2% BSA in PBS + 0.05% Tween20. Samples were added in duplicates. HRP-
conjugated arat kappa/lambda light chain (clone MARK-1/MARL-15, Bio-Rad, Hercules,
CA, USA) or asyrian hamster 1gG (#107-035-142, Jackson ImmunoResearch, West Grove,
PA, USA) was used for detection, followed by SuperSignal Pico ELISA Chemiluminescent
Substrate (Thermo Fisher). The luminescence was measured in Fluostar Optima (BMG
Labtech, Ortenberg, Germany).

Tumor-infiltrating lymphocyte (TIL) analysis

Mice were sacrificed 48 h after two treatments of the triplet or doublets at 10 pg. Excised
tumors were homogenized, and cells stained for flow cytometry.

Flow cytometry

Statistics

Results

Cells were surface stained in PBS, 1% fetal bovine serum, and 0.01% sodium azide, then
fixed in 2% paraformaldehyde, and analyzed by flow cytometry on an LSR Il Flow
Cytometer (BD Biosciences) at the Stanford FACS Facility. Data were analyzed using
FlowJo software (FlowJo LLC, Ashland, OR).

Prism software (GraphPad Software, La Jolla, CA) was used for data analysis and graphics.
An unpaired student #test was used for tumor growth comparisons and biodistribution
studies. The log-rank (Mantel-Cox) test was used to compare survival curves. pvalues <.05
were considered significant.

Intratumoral triple therapy at low (10 pg) dose maintains clinical efficacy

The triple combination of aCD137, a0X40, and aCTLA4 was delivered intratumorally (IT)
to a single tumor in a dual flank tumor model of either colon cancer (MC38; C57BL/6 mice)
or B-cell lymphoma (A20; BALB/C mice) (Fig. 1a). Each monoclonal antibody (mAb) was
initially dosed at 30 ug. Usual systemic doses are 100-400 pg [22-24]. For both tumor
models, tumor regression was observed in all mice for both the injected (left) tumor and
right (non-injected) tumor (Fig. 1b—e) with a survival advantage (p < .05, Mantel-Cox; Fig.
1f, g). However, tumor regression was incomplete in the MC38 model, whereas for A20,
complete regression of the injected and non-injected tumor was observed in most mice.
Figure 1h—k shows representative photos. Thus, the triple combination was effective in the
treatment of both the MC38 colon and the A20 lymphoma model, with greater efficacy in
the latter.

Next, we examined three different doses (3, 10, and 30 ug each) of the triple combination in
the A20 dual tumor model (Fig. 2a). At a 10 or 30 ug dose, anti-tumor efficacy was similar,
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inducing regression of both the injected (left) and non-injected (right) tumors (Fig. 2c, f, 30
ug not shown). At 3 ug, local anti-tumor effects were observed, however, the untreated
tumor was not cleared (Fig. 2d, g). Figure 2h—j shows representative photos. Thus, 10 ug
was deemed the optimal dose to achieve local and systemic tumor control. At this dose, 80%
of mice achieved a complete response at 35 days, and by 55 days, 70% remained tumor free
(n=20).

Toxicity is observed at the highest dose level but is minimal at lower dosing regimens

Two mice of a total 137 mice treated with the triple combination during the course of the
project died of treatment-related causes. The deaths occurred at the highest dosing regimen
for MC38 model, immediately after the fifth and sixth 30 ug (each mAb) injection,
respectively. Mice appeared well prior to the injections, tumor size was modest, and they had
no overt signs of immune-related toxicity, i.e., no skin, hair, or eye changes, no wasting
syndrome [25].

Blood samples were analyzed for toxicity assessment from A20 model mice after 4 biweekly
injections of either 30 pg (7= 3) or 10 ug (7= 2) (Supplementary Table 1). There were no
clinically significant alterations in renal or liver function. There was mild neutropenia in 2
mice (<35% reduction; 1 at each dose level) and moderate neutropenia in one (45%
reduction; 30 ug dose) [26]. There were no observed infectious complications in any of the
treated mice. Eosinophilia was noted in 2 of 5 mice, both at the 30 ug dose. No overt
manifestations of immune-related toxicity were observed in any of the treated mice.

The double therapy combinations as well as aOX40 alone did induce anti-tumor effects. The
triple combination was significantly better as measured by tumor size than any of the
doublets or aOX40 alone (p < .05, student #test; Supplementary Figure 1). We conclude that
the 10 pg dose of triple therapy is effective with minimal toxicity.

CD8 T-cells are required for anti-tumor efficacy of the triple combination

The requirement of T-cells for therapeutic effect of the triple combination was assessed by in
vivo depletion of CD4, CD8, or both subsets of T-cells (Fig. 3a—e). For immunologically
intact mice, the triple combination IT (left tumor) resulted in bilateral tumor regression (Fig.
3f, g), with 2 of 5 mice having residual right-sided tumors. Depletion of CD8 T-cells
completely abrogated the anti-tumor effects of the 10 pg triple combination. CD4-depletion
had no discernible effect on treatment response. Dual (CD4/CD8)-depletion resulted in
significantly more aggressive tumor growth than in untreated mice (p < .05, student #test)
(Fig. 3f, g). Survival was significantly better for treated mice that were immunologically
intact or CD4-depleted than for CD8-depleted, dual-depleted, and untreated mice (p < .05,
Mantel-Cox; Fig. 3h). Thus, CD8 T-cells are required for treatment effect, while CD4 cells
appear to have a lesser role.

To assess for a specific T-cell response, splenocytes from fully treated mice (triple therapy
10 pg x 4 doses) were incubated overnight with target A20 cells. This induced significant
IFN-v production by CD8 CD44Mi cells (6.43% of cells, Fig. 3j) compared to incubation
with the irrelevant cell line 4T1 (1.4%, Fig. 3k) or no cells (0.8%, Fig. 3i, p< .05 Student’s ¢
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test), and was similar to positive controls (5.68%, Fig. 3l). These results indicate a specific
memory T-cell response to target A20 cells induced by the IT triple combination.

Tumors were collected from 6 mice that had been treated twice with the triple combination
(n=2), CD137-0X40 doublet (n=2) and OX40-CTLA4 doublet (7= 2) (10 pg) as well as
three untreated mice. Flow cytometry analysis showed that both CD4 and CD8 T-cells were
increased relative to total tumor cells in treated mice, in both injected and uninjected tumors
(p < .05, Student’s ftest; Supplementary Figure 2a). The ratio of CD4/CD8 was normalized
or reversed (relative increase in CD8 T-cells) in the injected tumor of the triple combination
group, and OX40-CD137, but not OX40-CTLA4. Tregs (CD4/CD25/FOXP3+) were present
in tumors of untreated and treated mice, and did not appear significantly different between
groups (Supplementary Figure 2b). These results support the findings of CD8 T-cell-
mediated anti-tumor effects, and do not suggest significant Treg depletion.

Intratumoral triple combination therapy is more effective than systemic administration

Low-dose tumor-directed immunotherapy should, by definition of in situ vaccination, be
more specific and effective than systemic delivery. Thus, we compared anti-tumor efficacy
of the intratumoral delivery of low-dose (10 pg each) triple combination therapy to two
common systemic routes—subcutaneous (SC) to the abdominal wall, and intraperitoneal
(IP) (Fig. 4a). The IT route was significantly more efficacious than IP in terms of tumor
growth for both injected (left) and non-injected (right) tumors (Fig. 4b, c, e, f) (p< .05,
Student’s ttest), demonstrating superior local and systemic anti-tumor efficacy, and
improved survival (p < .05, Mantel-Cox; Fig. 4h). Comparing IT and SC routes, tumor
control was significantly better for the IT injected (left) tumor (p < .05, student’s ftest; Fig.
4b, d), however, not statistically better for the right tumor (Fig. 4e, g) or survival (Fig. 4h).
We hypothesized that antibodies delivered by the SC route may act on the tumor draining
LN, resulting in an in situ vaccine effect. This was further explored in the next experiment
(Fig. 5). Overall, these results support the concept of the in situ vaccine/tumor-directed
immunotherapy approach.

The tumor draining lymph node is a potential target for in situ vaccination

Next, we assessed whether targeting the tDLN would produce an abscopal effect. A single
tumor (left flank) A20 model was used in which the left inguinal LN was the tDLN, and the
right inguinal lymph node was not associated with tumor (non-tDLN). IT injection of the
triple combination (10 ug) was compared to subcutaneous (SC) injection at several sites
relative to the tumor and tDLN (Fig. 5a). Comparing average tumor size for the IT route
(Fig. 5¢) at day 35, both SC peri-tumoral (Fig. 5d) and injection proximal to the tDLN
(ipsilateral abdominal wall, Fig. 5e) had pro-found anti-tumor effect not significantly
different than IT. Interestingly, injection proximal to a non-tDLN (contralateral abdominal
wall, Fig. 5f) resulted in significantly inferior anti-tumor efficacy compared to IT or
targeting the tDLN (0 < .05, student ttest). At day 35, when all mice were alive for
comparison, 100% of the IT group attained a complete response, compared to 80% for PT,
and 90% for ipsilateral abdominal wall (tDLN). By contrast, targeting the non-tDLN (right
inguinal) produced only a 50% complete response rate. This demonstrates that the tDLN is
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potentially an important target for in situ vaccination, and efficacy does not seem to differ
significantly from directly targeting the tumor.

To investigate if the tumor microenvironment was important for the in situ vaccine effect, or
if the tumor basically served as a source of tumor antigens, we assessed a cellular vaccine
consisting of irradiated A20 cells and the triple combination (10 pg) administered SC in
proximity to the non-tDLN (Fig. 5g). The cellular vaccine resulted in 60% complete
response at 35 days. Average tumor size was smaller than the triple combination alone
targeting the non-tDLN and larger than the IT/tDLN route (p < .05, student #test). This
suggests that cells in the tumor/tDLN microenvironment are critical for the full effect of the
treatment. Survival differences between treatment groups did not reach statistical
significance (Fig. 5h).

Biodistribution studies confirm that antibodies reach the intended target

To confirm that antibodies actually concentrated in the intended target tissue, biodistribution
studies were performed in a dual tumor A20 model post a single triple combination (10 pg)
injection, via one of the established routes (Fig. 6a). Mice were sacrificed 6 h post-injection
with additional time points at 3 and 24 h (Supplementary Figure 3), and tissues collected for
analysis. The IT route led to the highest concentration of antibodies in the injected tumor, as
expected, with lower concentrations in the tDLN and none detected in the non-injected
tumor (p < .05, Student’s ttest; Fig. 6b). IT also resulted in the longest persistence in the
target tissue (Supplementary Figure 3b, p < .05). Peritumoral injection resulted in
accumulation in both the tumor and tDLN (p < .05; Fig. 6¢). With injection SC proximal to
the tDLN, as predicted antibodies concentrated in the tDLN but not in the tumor (p < .05,
Fig. 6d, e). Intraperitoneal injection produced the highest peak serum levels (at 3 h; p<.05;
Supplementary Figure 3g), no detected accumulation in tumor, and low-level symmetric
accumulation in lymph nodes (Fig. 6f, Supplementary Figure 3f). Serum levels were lowest
for IT at 3, 6 h (IT versus peri-tumoral did not reach statistical significance at 6 h) and
overall (p < .05; Fig. 6g, Supplementary Figure 3g). By 24 h, serum levels were similar for
all routes (although modestly less for IT; Supplementary Figure 3g). While each route
resulted in concentration of antibodies in the target tissue, when quantified, the bulk of
antibodies was found in serum (Supplementary Table 2). Thus, the biodistribution studies
demonstrate that antibodies accumulate in the intended target tissues, further demonstrating
the importance of achieving high concentrations of therapeutic immune modulating
antibodies in or near the tumor.

Discussion

In this study, we demonstrate that the novel immunotherapy combination aCD137, aOX40,
and aCTLAA4 has potent, although differential anti-tumor efficacy in two mouse tumor
models. Furthermore, we show that this combination is a powerful in situ vaccine—by
injecting directly into the tumor which we can use low doses to produce an abscopal effect
with regression and elimination of a distant tumor. Moreover, our results suggest that
injection in proximity to a draining lymph node can also produce an in situ vaccine effect.
Our findings demonstrate the potential for this immunotherapy combination delivered into
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the tumor or to the tumor draining lymph node to be a highly effective approach for the
treatment of cancer. The intratumoral approach to immunotherapy is an area of active
clinical exploration (e.g. NCT02254772 and NCT02857569).

Systemic immunotherapy is effective, but limited by toxicity in the form of immune-related
adverse events [5, 7, 9]. Our results are consistent with recent studies that suggest that in situ
vaccination or tumor-directed immunotherapy can be effective in inducing tumor regression,
but also reducing systemic exposure and toxicity [27-29]. A previous study has shown that a
triple combination of intratumorally delivered CpG, aCTLAA4, and a0X40 produced an
abscopal effect with minimal toxicity [28]. However, direct intratumoral injection was an
absolute requirement. This contrasts to the triple combination used in our study, where
injection in proximity to the tDLN was also effective. Furthermore, the quadruple
combination aCD137/PD-1/CTLA4/CD19 demonstrated local and abscopal effects, but
with a relatively high dose of 250 pg each and associated toxicity [25].

In our study, we showed that intratumoral administration of the triple combination, aCD137,
a0X40, and aCTLA4 10 pg each, was more effective than systemic administration,
supporting the in situ vaccine concept. The ability to use such low doses, compared to
typical doses of 100-400 pg for these agents [22—-24], is key to reducing toxicity.

Hematologic toxicity in treated mice (4 doses of triple combination) showed mild-to-
moderate neutropenia and eosinophilia (at 30 pg). No infectious complications were
observed during the course of the project. Eosinophilia may reflect non-specific
hypersensitivity to the foreign protein antibodies, or alternatively a target-mediated effect—
potentially toxic or therapeutic [30, 31]. There were two sudden deaths at the highest dose of
six 30 ug injections after the fifth and sixth doses. The timing and acuity were in keeping
with an anaphylactic reaction, possibly secondary to repeated injection of foreign (rat/
hamster) protein. However, we cannot rule out a target-mediated toxic effect. The treatment-
related deaths occurred in 2 of a total of 137 mice treated with the triple combination during
the project, after a total dose of 150, or 180 pug of each antibody, compared to our optimal
dosing of four doses of 10 g (40 ug total) each. There were no overt signs of treatment-
related toxicity in any of the other mice. Thus, toxicity was observed at the highest dose
levels explored in the project, but at intermediate and the lowest optimal dose, the triple
combination appeared safe with mild hematological toxicity.

CD8 T-cells were required for the anti-tumor effect, and we have demonstrated a specific
CD8 CD44N response to tumor cells in our ex vivo studies. We noted a preferential increase
in CD8 cells in the triple therapy injected tumors, in keeping with a CD8-mediated anti-
tumor mechanism. Marabelle et al. [28] showed Treg depletion in tumors injected with CpG,
a0X40, and aCTLAA4; however, our results do not clearly support Treg depletion as a
tumor-killing mechanism with the triple combination. Cytotoxic CD8 cells are known to be
terminal effector cells responsible for tumor killing [28, 32—34], and our results are in line
with the previous studies on monotherapy using antibodies targeting CD137, OX40, and
CTLA-4 [17, 35, 36]. These receptors are expressed on CD4 and CD8 T-cells, as well as
several other immune cell subtypes [37, 38], and we recognize that other immune cells may
be important. The apparent lack of effect of CD4 depletion alone on anti-tumor efficacy of
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the triple combination does not rule out a role of CD4 cells in CD8 T-cell activation, for
example, prior to in vivo depletion [34]. Dual CD4/CD8 depletion led to very aggressive
tumor growth despite triple combination treatment, suggesting that CD4 cells do contribute
to tumor control, but may be redundant in the presence of CD8 cells.

The triple combination induced bilateral tumor regression in both the A20 and the MC38
tumor models; however, it was more effective in the former than latter. There are a number
of potential variables which could account for the difference in efficacy including growth
kinetics and immunogenicity of the tumor cells, inherent differences in microenvironment,
T-cell repertoire, and differences in immune response between the two mouse strains.
Target-related variables such as differential expression of targets on cell subtypes and
dynamic changes with time and treatment may also contribute [24, 39-41].

Our results suggest that delivery to the tDLN can be an effective therapy. Similar to the
tumor microenvironment, the tDLN has been shown to harbor tumor-specific T-cells, and the
tDLN microenvironment is immunosuppressive. [13, 42]. The option of targeting the tDLN
increases the versatility of the in situ vaccine approach and may apply in the adjuvant setting
where tumors have been treated by radiation, chemotherapy, or surgery.

The biodistribution data clearly show that the antibodies do accumulate in the intended sites,
supporting the rationale for IT or tDLN delivery. IT administration resulted in lower
maximal and overall serum concentration compared to IP and SC, persistence at the intended
site, and a potent abscopal effect, suggesting this route may offer the best combination of
safety and efficacy. However, ultimately, it is still only a small fraction that ends up in the
tumor/draining lymph nodes (Supplementary Table 2), and most of the antibodies can be
found in the serum. Despite this, there are clearly significant differences in the anti-tumor
response, supporting tumor-directed immunotherapy/in situ vaccination approaches.

To assess the relative role of tumor antigens and the microenvironment, we circumvented the
microenvironment using a cellular vaccine of irradiated tumor cells and our triple mAb
combination, and injected remotely from the tumor/tDLN. The vaccine demonstrated greater
efficacy than the triple combination alone, but less than IT/peri-tDLN injection, suggesting
that elements of the tumor/tDLN microenvironment are, indeed, required for full effect of
the triple therapy. These agents have previously been reported individually to have vaccine
adjuvant activity [43-45].

Although mouse models of immunotherapy have been invaluable to clinical translation,
ultimately, a human clinical trial will be required to confirm safety and efficacy of our triple
combination administered as an in situ vaccine. Mouse models may not be an accurate
representation of toxicity in humans. However, it is a reasonable assumption that lower
doses and less systemic exposure of immune activating agents via the in situ vaccination
approach will result in less human toxicity.

This study contributes to the growing body of evidence that combination tumor-directed
immunotherapy is a powerful tool in the treatment of cancer. The novel combination of
aCTLA4, a0X40, and aCD137 delivered intratumorally to one tumor in a dual tumor
model has dramatic local and abscopal anti-tumor effects. Delivery to the tDLN appears
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similarly effective, potentially extending the in situ vaccine approach to patients lacking an
accessible tumor injection site. With this approach, immune-related toxicities can be
attenuated and combinations of three or more agents may be used with greater specificity,
safety, and promise for lasting anti-tumor immune responses. Overall, tumor or tDLN-
directed immunotherapy using the novel combination aCTLA4, aCD137, and a0X40, all
agents in clinic or clinical trials, is promising for future clinical development via both these
safe and highly efficacious routes of administration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Dual Tumor Model
a Monitoring tumor growth and survival
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Fig. 1.

Potent local and systemic anti-tumor effects of low-dose (30 pg) triple combination
immunotherapy. a Treatment scheme: a dual tumor mouse model was used for MC38 (colon
cancer) and A20 (B-cell lymphoma) models in C57BL/6 and BALB/c mice, respectively.
Treatment was administered by intratumoral injection to the left tumor consisting of 6
(MC38) or 4 (A20) biweekly injections of the triple combination a CTLA4, aCD137, and
a0X40 at a dose of 30 ug each, started approximately day 8 after tumor inoculation when
tumors were 7-10 mm diameter. Tumor growth measure by caliper of MC38 or A20 injected
(b, ¢) or non-injected site (d, ). Survival curves for MC38 (f) or A20 (g) models are shown.
h-k Representative photos of the treatment groups at Day 19 of tumor inoculation. **’
denotes p < .05 (unpaired £test for tumor growth and Mantel Cox for survival). Values for
b—e are mean £ SEM. n=10 (MC38) and 7 (A20) per group

Cancer Immunol Immunother. Author manuscript; available in PMC 2020 August 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hebb et al. Page 16

Dual Tumor Model

a Monitoring tumor growth and survival
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Fig. 2.
Dose titration: 10 ug IT dose is the lowest dose which maintains local and systemic anti-

tumor efficacy. a Mice were treated with four biweekly doses of the triple combination
aCD137, a0X40, and a CTLAA4 at two dose levels delivered intratumorally to the left tumor
of a dual tumor A20 lymphoma model. Tumor growth measure by caliper of untreated (b),
triplet 10 pg (c), or 3 pug (d) injected tumor or non-injected tumor (e—g, respectively). Triplet
10 pg was not significantly different than triplet 30 pg (not shown). Representative photos of
the mice at day 19 of tumor inoculation are shown in (h—j).”*” denotes p < .05 by Student’s ¢
test. n=5 per group
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T-Cell Depletion
Dual Tumor Model Monitoring tumor growth and survival
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Fig. 3.

CI?)S T-cell is required for efficacy, and CD8CD44" memory cells generate a specific anti-
tumor response ex vivo. a In vivo T-cell depletion. Mice were treated with four biweekly
doses of the triple combination aCD137, aOX40, and aCTLA4 at the 10 pg dose delivered
intratumorally to the left tumor of a dual tumor A20 lymphoma model. CD8 and/or CD4
cells were depleted by systemic (intraperitoneal) administration of respective antibodies.
Dot-plots panels showing peripheral blood staining of CD4 and CD8 T cells in non-depleted
(b), CD8 (c), CD4 (d), or CD4 and CD8 (e) depleted mice. Tumor measurement by caliper
of injected (f) or non-injected (g) mice after no depletion, CD4, CD8, CD4 and CD8
depleted and non-depleted mice treated with the triple combination. h Survival curve. ‘*’
denotes p < .05 (Student’s ¢test for tumor growth and Mantel-Cox for survival). Values are
expressed as mean £ SEM. 7=5 per group. Splenocytes from mice treated with the triplet
combination that had cleared their tumors were incubated overnight with i CD28 alone
(negative control), j CD28 + A20 cells, k CD28 + 4T1 breast cancer cells—an irrelevant
syngeneic cancer cell line (negative control), or | CD28 + CD3 (positive control). IFN-y
production by CD8CD44 T cells was evaluated by flow cytometry. Numbers in upper right
corner represent percentage of positive cells. “*” denotes p < .05 (Student’s ftest), n= 3 per

group
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Injection Routes, Dual Tumor Model

Monitoring tumor growth and survival
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Fig. 4.

Intratumoral (IT) route of administration is more effective than systemic administration by
subcutaneous or intraperitoneal routes at low doses. a Mice were treated with four biweekly
doses of the triple combination aCD137, aOX40, and aCTLA4 at a dose of 10 ug each
delivered intratumorally (1T) to the left tumor in a dual tumor A20 model, intraperitoneal
(IP), or subcutaneous (SC) on the abdominal wall. The dotted circle indicates the general
location of SC injections. Tumor growth measured by caliper of the left (injected) side (b—d)
or the right tumor (e—g) in IT, IP, or SC injected mice with the triple combination. (h)
Survival curve. “*” denotes p < .05, Mantel-Cox test, 7= 10 per group
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Injection Routes, Single Tumor Model

Day Monitoring tumor growth and survival
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Fig. 5.

Tagrgeting the tumor draining lymph node (tDLN) produces an abscopal effect; tumor
antigens (cellular vaccine) in the absence of tumor/tDLN microenvironment are not
sufficient to generate a full anti-tumor response. a Using a single tumor A20 model, mice
were treated with four biweekly doses of the triple combination aCD137, a0OX40, and
aCTLA4 at a dose of 10 ug each delivered IT, or subcutaneous (SC) peri-tumoral, ipsilateral
abdominal wall (targeting the tDNL) or contralateral abdominal wall (targeting the non-
tDLN). A cellular vaccine (irradiated A20 cells plus the triple combination 10 pg) was
delivered on the contralateral wall (SC) x four biweekly doses. Tumor growth measured by
caliper (b—g) and survival curve (h). ‘*’ denotes p < .05 Student’s #test (tumor growth) or
Mantel-Cox test (survival). 7= 10/group
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a Dual Tumor Model, Injection Sites
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Fig. 6.
Biodistribution studies: monoclonal antibody (mAb) biodistribution studies, 6 h post-

injection, confirm that antibodies concentrate in target structures. a A dual tumor A20 model
was used. Mice were injected once with the triple combination (aCD137, a0X40, and
aCTLA4) at a dose of 10 ug each. Routes of administration for the different groups are as
shown. Mice were sacrificed 6 h post-injection, and tumor, tDLN, non-tDLN, blood, and
spleen were collected. b—g Antibody levels in the different compartments were analyzed by
ELISA. Values expressed as mean £+ SD. /7= 3 mice per group per injection site. tDLN
tumor draining lymph node; SCsubcutaneous. ‘*” denotes p < .05, Student’s ttest. Data for
3 and 24 h time points shown in Supplementary Figure 3
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