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Abstract

Most cancer immunotherapies include activation of either innate or adaptive immune responses.
We hypothesized that the combined activation of both innate and adaptive immunity will result in
better antitumor efficacy. We have previously shown the synergy of an agonistic anti-CD40
monoclonal antibody (anti-CD40) and CpG-ODN in activating macrophages to induce tumor cell
killing in mice. Separately, we have shown that a direct intratumoral injection of immunocytokine
(IC), an anti-GD2 antibody linked to interleukin-2, can activate T and NK cells resulting in
antitumor effects. We hypothesized that activation of macrophages with anti-CD40/CpG, and NK
cells with 1C, would cause innate tumor destruction, leading to increased presentation of tumor
antigens and adaptive T cell activation; the latter could be further augmented by anti-CTLA-4
antibody to achieve tumor eradication and immunological memory. Using the mouse GD2* B78
melanoma model, we show that anti-CD40/CpG treatment led to upregulation of T cell activation
markers in draining lymph nodes. Anti-CD40/CpG + IC/anti-CTLA-4 synergistically induced
regression of advanced subcutaneous tumors, resulting in cure of some mice and development of
immunological memory against B78 and wild type B16 tumors. While the antitumor effect of anti-
CDA40/CpG did not require T cells, the antitumor effect of IC/anti-CTLA-4 was dependent on T
cells. The combined treatment with anti-CD40/CpG + IC/anti-CTLA-4 reduced T regulatory cells
in the tumors and was effective against distant solid tumors and lung metastases. We suggest that a
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combination of anti-CD40/CpG and IC/anti-CTLA-4 should be developed for clinical testing as a
potentially effective novel immunotherapy strategy.

Introduction

Recent advances in cancer immunotherapy have shown it to be an effective strategy for
treatment of certain cancers (1, 2). However, single agent immunotherapeutic approaches
can have limited efficacy, whereas combining two or more immunotherapeutic strategies can
be synergistic in inducing antitumor effects (3-5).

One of the activators of innate as well as adaptive immune responses is agonistic anti-CD40
antibody (anti-CD40), which can induce antitumor effects in mice and in cancer patients (6).
The clinical potential of anti-CD40 has been demonstrated by regression of primary and
metastatic adenocarcinomas in 4 of 21 patients with pancreatic cancer (2). This clinical and
preclinical activity of anti-CD40 against pancreatic cancer confirms our earlier findings
showing the antitumor effect of anti-CD40 via macrophage activation in several mouse
models (7-9). We have also demonstrated that the antitumor effect of anti-CD40 can be
greatly potentiated by CpG-ODN, a toll-like receptor 9 (TLR9) agonist, via synergistic
activation of macrophages in mouse models of melanoma and neuroblastoma (10); however,
complete responses were rarely achieved, suggesting that combining this approach with
other immunotherapeutic modalities could be beneficial. Radiotherapy can convert tumor
associated suppressive M2 macrophages into effector M1 macrophages in the tumor
microenvironment, facilitating T cell immunotherapy (11). We showed that immunotherapy
with anti-CD40/CpG similarly converts M2 pro-tumor macrophages into M1 antitumor
effector macrophages (12), suggesting that this approach could also be effectively combined
with T cell immunotherapy.

We have also shown that an intratumoral (I1T) injection of immunocytokine (IC), which
consists of an antitumor antibody linked to interleukin-2 (IL2), can serve as an /n situ
vaccine; it enhances local anti-tumor effects and can generate an adaptive T-cell response
directed against distant tumors (13,14). These /n situvaccine effects involve T-cells as well
as NK cells, and can result in T cell memory (13,14).

T cell activation and function in the tumor microenvironment of cancer patients are
suppressed (15,16). Two inhibitory receptors on antitumor T cells, cytotoxic T-lymphocyte
antigen 4 (CTLA-4) and programmed death 1 (PD-1), play an important role in T
suppression by the tumor (17,18). Blockade of these inhibitory interactions, known as
“immune checkpoint blockade”, with anti-CTLA-4, anti-PD-1, or both, counteracts the
immunosuppression, results in augmenting endogenous tumor-specific T cell responses and
provides clinical benefit, particularly in melanoma patients (19-21). CTLA-4 can synergize
with nitric oxide produced by activated macrophages in inhibiting T cells via T regulatory
cells (Treg) activation (22); anti-CTLA-4 antibody can deplete Treg in the tumor (23).
Therefore, our overall hypothesis was that a synergistic activation of innate and adaptive
immunity could be achieved by combining anti-CD40/CpG (to activate macrophages), IT-IC
(to activate NK cells and T cells), and anti-CTLA-4 checkpoint inhibitor (to counteract T
cell suppression), resulting in strong antitumor effects.
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Material and Methods

Mice

Six to ten week old female C57BL/6 and nude mice were obtained from Taconic Farms
(Germantown, NY) or from The Jackson Laboratory (Bar Harbor, ME). Mice were housed
in the University of Wisconsin-Madison animal facilities at the Wisconsin Institutes for
Medical Research. Mice were used in accordance with the Guide for Care and Use of
Laboratory Animals (NIH publication 86-23, National Institutes of Health, Bethesda, MD,
1985).

Tumor cell lines

Mouse B16-F10 melanoma cells (further referred as B16) were transduced to express GD2
(B16-GD2) using a retroviral vector that encodes the GD2 mini-operon
(MP9956:SFG.GD3synthase-2A-GD2synthase plasmid; a kind gift from Prof. Martin Pule
from University College London). B16, B16-GD2, and B78 melanoma, a slow growing
derivative of B16 which expresses GD2 (24), cell lines were grown in RPMI-1640 cell
culture medium supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO), 2 mM L-
glutamine, 100 U/ml penicillin/streptomycin, and 0.5 uM 2-ME (Invitrogen Life
Technologies, Carlsbhad, CA) at 37°C in a humidified 5% CO, atmosphere.

In vivo tumor models

Reagents

Subcutaneous (s.c.) tumors were established by injecting 2x10° (B78) or 1-5x10° (B16 or
B16-GD2) cells in 0.1 ml of PBS. Tumor size is reported as tumor volume (mm3) by
measuring perpendicular diameters of the tumor, and calculated as follows: (1/2) x tumor
length x tumor width?, and expressed as mean volume + SEM of tumor volumes for all mice
of each experimental group.

Agonistic anti-CD40 was obtained from ascites of nude mice injected with the FGK 45.5
hybridoma cells (a gift from Dr. F. Melchers, Basel Institute for Immunology, Basel,
Switzerland) and enriched for 1gG by ammonium sulfate precipitation. CpG1826 was
purchased from TriLink Biotechnologies, San Diego, CA. The humanized hul4.18-1L2 IC
(APN301, Apeiron Biologics, Vienna, Austria) was supplied by the NCI Biologics
Resources Branch (Frederick, MD) via a collaborative relationship with Apeiron Biologics.
Hul4.18-I1L2 is an IC consisting of human interleukin-2 (IL2) genetically linked to the
carboxyl-termini of each human 1gG1 heavy chain of the GD2-specific hu14.18 mAb (25).
Anti-CTLA-4 clone UC10-4F10-11, 1gG2hb, was a gift of Dr. Jeffrey Bluestone, UCSF, CA
(26). This UC10-4F10-11 IgG2b was used in all experiments requiring anti-CTLA-4
antibody, unless stated otherwise. Anti-CTLA-4 clone 9D9, provided as both 1gG2a and
1gG2b isotypes, was obtained from Bristol-Myers Squibb, Redwood City, CA (23), and use
of these 2 mAbs is clarified in the legend and labels. The anti-murine PD-1 mAb (clone
4H2), was obtained from Bristol-Myers Squibb, Redwood City, CA (27).
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Immunotherapy

Tumor-bearing mice were treated with anti-CD40 mAb (0.25 mg/0.5 ml, unless indicated
otherwise) i.p. and CpG (0.025 mg/0.1 ml, unless indicated otherwise) i.t. on different days
as stated in figure legends. CpG was given 3 days after anti-CD40 as in our previous studies
(10, 12) because the maximal upregulation of TLR9 on macrophages occurs 3 days after
anti-CD40 injection (10). Hul14.18-1L2 IC was injected i.t. at doses of 5 or 25 mcg in 0.1 ml
PBS (13). Anti-CTLA-4 (0.2 mg/0.2 ml of PBS) was injected i.p. every other day 3 times a
week for 2 weeks. This combination is designated: anti-CD40/CpG + IC/anti-CTLA-4.

Flow cytometry of lymph node cells

C57BL/6 mice were injected s.c. on the left side of the abdomen with 2x10° B78 cells (day
0). Mice were injected with anti-CD40 on day 6 and CpG on day 9. Control tumor-bearing
mice received rat IgG and PBS. Another group of control mice did not receive the tumor and
treatments (“naive”). On day 10, left inguinal (draining) lymph nodes and right inguinal
(contralateral) lymph nodes (DLNs and CLNs, respectively) were removed and pooled from
3 mice per group. Lymph node cells were stained with anti-CD8-PE (clone 53-67), anti-
CD69-APC (clone H1.2F3), anti-CD44-APC (clone IM7), anti-CD25-APC (clone PC61; all
from BioLegend, San Diego, CA) and anti-CD4-FITC (clone GK1.5, eBioscience, San
Diego, CA). Data acquisition was performed on FACSCalibur flow cytometer with
CellQuest software (BD, Franklin Lakes, NJ). Flow cytometry analysis was performed on
FlowJo software (TreeStar, Inc., Ashland, OR) by gating on CD8* or CD4" cells. Results are
presented as percent of positive cells or mean fluorescence intensity (MFI) ratios.

Flow cytometry of tumor-infiltrating cells

B78 melanoma cells were injected s.c. into C57BL/6 mice on day 0. Anti-CD40 was
injected i.p. on day 23; CpG was injected i.t. on days 26,28,30. 14.18-1L2 IC was given i.t.
on days 26-30; anti-CTLA-4 was injected i.p. on day 26,28,30 and 33. Control tumor-
bearing mice received no treatment. On day 34, tumors were harvested, cut into small pieces
and incubated for 30 minutes at 37°C in dissociation solution containing HBSS
supplemented with 5% FBS, 1mg/ml Collagenase type D and 100pug/ml DNase I (Sigma-
Aldrich, St. Louis, MO).

For cell surface staining, the cells were preincubated with Mouse BD Fc Block™ purified
anti-mouse CD16/CD32 (clone 2.4G2, BD Biosciences) for five minutes at 4°C. After
blocking, cells were incubated with CD4-FITC (clone GK1.5; eBioscience), CD8a-PE
(clone 53-6.7, BioLegend), F4/80-FITC (clone BM8, eBioscience), or CD49b-PE (clone
DX5, BD Biosciences) at 4°C for 30 minutes. The stained cells were washed and
resuspended in PBS/1% FBS, propidium iodide was added, and data were acquired on a BD
FacsCalibur.

For T regulatory cell staining, the cells were first incubated with CD4-FITC (clone GK1.5;
eBioscience), CD45 eFluor450 (clone 30-F11, eBioscience), CD25-APC (clone PC61,
BioLegend) and Fixable viability dye 506 (FVD506, eBioscience) at 4°C for 30 min. The
stained cells were fixed in the eBioscience Foxp3/ Transcription factor staining buffer set
according to manufacturer’s manual. After fixation over night the cells were stained with
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Foxp3-PECy7 (clone FIK16s, eBioscience). Flow cytometry data was acquired using the
MacsQuant Analyzer (Miltenyi Biotec) and analyzed using the software FlowJo version
10.1. Statistical analysis was performed using Graphpad Prism version 8.

Statistical analysis

An unpaired Student’s #test and ANOVA test with either Dunnett’s post-test or Tukey post-
test were used to determine significance of differences between experimental and relevant
control values within each experiment.

Results

Systemic anti-CD40 combined with IT CpG induces T cell-independent antitumor effects
which involve macrophages

In our previous studies we showed a strong antitumor synergy between anti-CD40 and CpG
when both agents were injected systemically (i.p.). It was reported that CpG given IT can
result in T cell activation enhanced by additional T cell activation modalities including anti-
CTLA-4 (28). Because our goal was to facilitate T cell activation by the means of innate
immunity, we thought to combine IT CpG with systemic anti-CD40 treatment. The results
show that anti-CD40/CpG caused suppression of B78 melanoma growth in syngeneic
C57BL/6 mice (Figure 1A) and in T-cell compromised nude mice (Figure 1B), indicating
that the antitumor effect of systemic anti-CD40 combined with local CpG does not require T
cells. To determine which cell population is responsible for the antitumor effect following
anti-CD40/CpG therapy, C57BL/6 mice were injected s.c. with B16 cells (day 0) and with
anti-CD40 i.p. on day 4. Three days later (day 7) peritoneal cells were obtained, stained,
gated on CD11b"9N cells, sorted into 4 sub-populations based on their expression of CD11b
and Gr-1 markers, and further characterized by histological staining and antitumor activity /in
vitro. Similarly to what we reported previously (29), antitumor effector cells were found to
be CD11bM9" Gr-1~ macrophages as was confirmed by morphology and secretion of nitric
oxide (data not shown).

Anti-CD40/CpG treatment results in T cell activation

We hypothesized that T-cell independent anti-CD40/CpG therapy (Figure 1) resulting in
tumor cell killing via macrophages can also activate T cells, presumably by enhancing
antigen-presentation. To test this hypothesis, C57BL/6 mice were injected s.c. into the left
side of the abdomen with B78 tumor cells (day 0), i.p with anti-CD40 (day 7) and i.t. with
CpG (day 10). One day later, draining (left) and contralateral (right) inguinal lymph nodes
were removed, pooled from three mice per group, and processed to single cell suspensions.
The cells were stained with anti-CD4 and anti-CD8 mAbs and mAbs to T cell activation
markers (CD69, CD44 and CD25). The results in Figure 2 show that anti-CD40 + CpG
treatment upregulated the early T cell activation marker CD69 in both CD4 and CD8 T cells
in draining lymph nodes. This upregulation was observed when anti-CD40 and CpG were
given separately but was more pronounced when they were combined (data not shown). The
upregulation of CD69 was more pronounced in draining lymph nodes (Figure 2), but was
also observed in contralateral lymph nodes (Supplemental Figure 1), suggesting that this
treatment induces both local and systemic activation of T cells. Similarly, anti-CD40 and

J Immunol. Author manuscript; available in PMC 2018 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rakhmilevich et al.

Page 6

CpG induced upregulation of other T cell activation markers, CD44 and CD25. These results
suggest that anti-CD40/CpG therapy induced activation of T cells, although this activation
was not essential for the early delay in B78 tumor growth as shown in Figure 1.

14.18-1L2 IC and anti-CTLA-4 synergize in inducing antitumor effects

Having established that anti-CD40 and CpG activate T cells, we thought to combine this
therapy with another T cell-activating approach using IT treatment with 14.18-IL2 IC (14).
As IT-1C has been shown to activate T cells (13,14), we first determined if checkpoint
blockade in tumor-bearing mice would augment the antitumor effect of 14.18-1L2 IC. The
results in Figure 3A show that, indeed, IT-1C and anti-CTLA-4 synergistically induced
regression of a 7-day B78 melanoma resulting in survival of 40% of mice (Figure 3B). This
antitumor effect was T cell-mediated as it was not observed in nude mice (Figure 3C vs.
3D). When the treatment with IT-1C and anti-CTLA-4 was used against more advanced
tumors, i.e. starting on day 12 (Fig. 3E) post tumor cell implantation (vs. 7 days after tumor
implantation, Figs. 3A-D), the antitumor effect was marginal with no mice rejecting the
tumor. This lack of potency against slightly larger tumors indicates that the strength of the
combination of IT-IC + anti-CTLA-4 is limited and not effective against more established
tumors. We thus sought to test whether adding additional immunotherapy could be beneficial
in this setting.

Synergistic effect of anti-CD40/CpG and IT-IC/anti-CTLA-4

We hypothesized that combining two different strategies - anti-CD40/CpG to activate innate
immunity and IT-IC/anti-CTLA-4 to activate adaptive immunity - would result in an additive
or synergistic antitumor effect against advanced B78 tumors. The results in Figure 4A show
that when the treatment is started on day 23 post-tumor cell implantation (rather than on day
7 or 12, as in Figure 3), anti-CD40/CpG or IC/anti-CTLA-4 given separately had only a
slight ability to slow growth of these advanced B78 tumors. In contrast, the combination of
all these treatment strategies (anti-CD40/CpG + IC/anti-CTLA-4) not only slowed tumor
growth, but caused their regression (Figure 4A), with 40% of animals becoming tumor-free
and showing long term survival (Figure 4B). Examination of the cells in the tumor
microenvironment revealed that the combined treatment resulted in the increase of CD4* and
CD8* T cells, and dramatic reduction of T regulatory cells, whereas the percentage of NK
cells and macrophages remained unchanged (Figure 4C).

Next we asked if GD2 expression on tumor cells is important for the antitumor activity of
this combined treatment. As B16-derived GD2* B78 melanoma grows much slower than
B16, we have virally transduced B16 cells to express GD2. These B16-GD2 tumors grew in
C57BL/6 mice at a rate similar to parental B16 tumors. We compared the effect of the
combined treatment in B16 vs B16-GD2-bearing mice. The results in Figure 4D show that
whereas anti-CD40/CpG + IC/anti-CTLA-4 therapy was effective in extending survival of
mice with B16 tumors (P=0.002), all treated mice died prior to d60. In contrast, this same
combined therapy was much more effective in mice bearing B16-GD2 tumors leading to
80% cure, suggesting that the anti-GD2 component of the IC plays a role in the antitumor
effect of the combined treatment.
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The antitumor effect of anti-CD40/CpG + IC/anti-CTLA-4 involves T cells

Next we determined the role of T cells in the antitumor effect observed with the combined
anti-CD40/CpG + IC/anti-CTLA-4 regimen. C57BL/6 and nude mice were injected with
B78 cells and given various treatments. B78 tumors initially shrank in all C57BL/6 mice, as
a result of treatment with anti-CD40/CpG and IC/anti-CTLA-4 (Figure 5A, note the very
small tumor volumes from day 28-35); however, in this experiment the tumors subsequently
regrew. In contrast, no tumors shrank in nude mice treated with the anti-CD40/CpG and IC/
anti-CTLA-4 combination (Figure 5B, note the larger mean tumor volumes on days 28-30 in
these mice, compared to those in Figure 5A), although their growth was statistically slower
than in untreated nude mice (Figure 5B). The antitumor effect of anti-CD40/CpG and IC/
anti-CTLA-4 was more significant than all other treatments in C57BL/6 mice (Figure 5A),
but was not different from the potency of anti-CD40/CpG (without IC/anti-CTLA-4) in nude
mice (Figure 5B). These results were confirmed in antibody-depletion experiments.
C57BL/6 mice were treated with anti-CD40/CpG and IC/anti-CTLA-4 between days 11 and
25 post-tumor cell implantation; one group was depleted of T cells by anti-CD4 and anti-
CD8 mAbs while the other group received rat 1gG. Both these groups showed similar
antitumor efficacy (compared to the control mice not receiving anti-CD40/CpG and IC/anti-
CTLA-4) up through day 31(Figure 5C). However, after day 40 the tumors in treated mice
depleted of T cells were not significantly different from control, whereas the tumors in
treated non-depleted mice were still significantly smaller (Figure 5C), indicating that T cells
were not required for the antitumor effect during the initial 4 weeks, but were involved in
sustaining the antitumor effect later on.

Given that anti-CD40 (7), CpG (30) and IC (14) can each activate NK cells, we next
determined the role of NK cells in the antitumor effect of our combined treatment. Depletion
of NK cells with anti-NK1.1 mAb did not reduce the antitumor effect of anti-CD40/CpG and
IC/anti-CTLA-4. In fact, 1 of the 5 mice which received the combined treatment and anti-
NKZ1.1 mAb rejected tumor and remained tumor-free. Furthermore, simultaneous depletion
of both NK cells and T cells did not cause significant further reduction of the antitumor
effect from the reduction of efficacy caused by depletion of T cells alone (Figure 5D).
Together, these results suggest that some cell populations other than NK cells, likely
macrophages, activated by anti-CD40/CpG (7,8,10) are responsible for the initial tumor
killing, whereas T cells further activated by IT-1C and anti-CTLA-4 are responsible for the
subsequent tumor cell eradication following the combined treatment in the non-NK/T
depleted B78-bearing C57BL/6 mice (Fig. 5D).

Anti-CD40/CpG + IC/anti-CTLA-4 induces immunological memory and systemic antitumor

effects

We tested if the mice that were made tumor-free either by IC/anti-CTLA-4 (Figure 3B) or
the combined treatment with anti-CD40/CpG + IC/anti-CTLA-4 (Figure 4B) had generated
immunological memory and would be able to reject secondary tumor challenge given 2—7
months later. The results in Figure 6 show that mice which rejected their B78 tumors
following the combined treatment with anti-CD40/CpG + IC/anti-CTLA-4 (Figure 6B) were
resistant to rechallenge with B78 tumor cells, and mice which became tumor-free mice after
IC/anti-CTLA-4 therapy were transiently resistant; they developed tumors after rechallenge
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(Figure 6C) but much later than the control mice (Figure 6C vs. 6A). The more aggressive,
rapidly-growing, parental B16-F10, which in contrast to B78 does not express GD2, grew
more slowly upon rechallenge in mice which previously rejected their B78 tumors following
the combined treatment with anti-CD40/CpG + IC/anti-CTLA-4 (Figure 6E) compared to
IC/anti-CTLA-4-treated (Figure 6F) and control mice (Figure 6D). The experiment using
mice that rejected their B78 tumors following the combined treatment with anti-CD40/CpG
+ IC/anti-CTLA-4 was repeated, demonstrating similar results. These results indicate that
this combination of anti-CD40/CpG, + IC/anti-CTLA-4 induces immunological memory in
mice.

The experiments described above have demonstrated the antitumor effect against a locally
treated tumor. Given the evidence that this combination of anti-CD40/CpG + IC/anti-
CTLA-4 induces immunological memory (Figure 6), we hypothesized that this treatment
may also be active against distant tumors. To potentially increase the antitumor effect, we
first tested anti-CTLA-4 1gG2a (Figure 7), which was reported to be more effective than
anti-CTLA-4 1gG2b (the isotype we used in Figures 3-6), likely by mediating a better
reduction of T regulatory cells within a tumor (23). We found that, when combined with IC,
anti-CTLA-4 1gG2a was more effective than anti-CTLA-4 1gG2b against B78 melanoma
(Figure 7A). To test if anti-CD40/CpG + IC/anti-CTLA-4 immunotherapy is effective
against a distant solid tumor, naive C57BL/6 mice were injected on day 0 with B78
melanoma cells into both the left and right sides of abdomen. Treatment began on day 9 with
IT injection of the tumor on the left side only with CpG and 14.18-IL2 IC, and with i.p.
administration of anti-CD40 and anti-CTLA-4, either IgG2a or 1gG2b. The results in Figure
7B show that anti-CD40/CpG + IC/anti-CTLA-4 1gG2a substantially suppressed growth of
the tumor on the left side that had received the IT treatment. This same anti-CD40/CpG +
IC/anti-CTLA-4 1gG2a treatment with IT CpG and IC to the left tumor also resulted in
statistically significant reduction of the distant non-injected tumor on the right (Figure 7C).
When the anti-CTLA-4 1gG2b was substituted for the 1gG2a in this same regimen, there was
no significant tumor reduction for the non-injected tumor on the right (Figure 7C). These
results indicate that this anti-CD40/CpG + IC/anti-CTLA-4 1gG2a therapy had a systemic
antitumor effect.

To confirm this systemic effect of the combined treatment, we tested it in a metastatic
model, using i.v. injection of B16-F10 tumor cells, which has been shown previously to
induce numerous lung metastases (31). We used GD2™ parental B16-F10 cells rather than
GD2* B78 cells for metastasis induction to exclude a direct role of the anti-GD2 14.18 mADb,
a part of 14.18-1L.2 IC, in the anti-metastatic effect. In mice that received B78 cells s.c. on
day 0 and B16-F10 cells i.v. on day 1, the mice in the control (untreated group) showed
progressive growth of their s.c. tumor, yet died of metastatic disease before the s.c. tumors
grew large enough to require euthanasia. The combined treatment of these mice with CpG
and 14.18-1L.2 IC injected i.t. into the s.c. B78 tumor, and with anti-CD40 and anti-CTLA-4
(1gG2a) injected i.p., induced reduction of the primary tumors (Figure 7D) and also had an
anti-metastatic effect, demonstrated by survival of 40% of treated mice whereas all control
mice died (Figure 7E). Autopsies of dead mice confirmed the presence of metastases in the
lungs or axillary lymph nodes. An additional identical experiment showed that the lungs
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removed on day 32 when some mice started dying exhibited melanoma metastases, which
were more prevalent in the control group than the treatment group (Figure 7F).

Discussion

Most cancer immunotherapy strategies are focusing on activating adaptive immunity
involving T cells. Some studies are targeting cells of the innate immune system; of these,
most focus on activating NK cells (32). Some T-cell approaches have recently shown
substantial clinical benefit, such as: CD19 - directed chimeric antigen receptor (CAR) -
modified T cells for B cell malignancies (33) and the use of checkpoint blockade (CTLA-4
and PD-1) for melanoma and certain other malignancies (19-21). Even so, most patients
with cancer are not currently receiving immunotherapy or benefitting from it. Preclinical
data suggest that combining two or more immunotherapeutic approaches may enable greater
antitumor efficacy than treatment with a single immunotherapeutic agent (3-5, 34,35). The
majority of these combinatorial approaches, such as those adding STING (36) or FLT3
ligand (37) to other treatments, target T cell immunity, whereas some other approaches
target innate immunity (38). In this study we tested the hypothesis that combining both
immunological approaches, one targeting innate immunity and the other targeting T cells,
will result in enhanced antitumor efficacy.

In previous studies we reported synergy between agonistic anti-CD40 and CpG via
activation of innate immunity, mainly macrophages (10). This combination induced clear
retardation of tumor growth but rarely resulted in complete tumor regression. We
hypothesized that adding a strategy that enabled adaptive immune responses with T cell
involvement would enhance antitumor efficacy and potentially induce immunological
memory. We have previously developed an approach which involved tumor killing, partially
by T cells, via i.t. administration of 1C (13). However, before combining anti-CD40/CpG
and IC, we considered ways to enhance the T cell-mediated antitumor effect of IC by using
checkpoint blockade with anti-CTLA-4. Our results show a synergy between hu14.18-1L.2
IC and anti-CTLA-4 that resulted in a T cell-dependent rejection of B78 tumors. These
results are in agreement with a report by Schwager et al (39) showing that combining anti-
CTLA-4 with a different IC, L19-1L2, induced a better antitumor effect than these two
agents given separately.

In spite of the efficacy of IC combined with anti-CTLA-4 against small tumors (Fig. 3A-C),
this treatment was less effective against larger tumors (Figure 3E). Therefore, we combined
14.18-I1L2 IC and anti-CTLA-4 with anti-CD40 and CpG. Instead of injecting CpG i.p., as in
our previous studies (10), we gave it here i.t. because it was shown that local treatment with
CpG can induce both innate and adaptive immunity (28, 40). Similar to our previous studies
(10), the antitumor effect of anti-CD40 given i.p. and CpG given i.t. was largely T cell-
independent (Figure 1), suggesting that this combination activates macrophages, as shown in
our previous studies (10, 12). The results of this study show that a combination of anti-CD40
and CpG (activating mostly innate immunity) with 14.18-1L.2 IC and anti-CTLA-4
(activating mostly adaptive immunity) induced a substantial antitumor effect resulting in
regression of advanced tumors and survival of 40% of mice (Figure 4A,B). This antitumor
effect was systemic because a distant, untreated s.c. tumor (Figure 7C) or lung metastases
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(Figures 7E-F) were also inhibited. In addition, mice that became tumor-free, long-term
survivors, exhibited tumor-reactive immunological memory (Figure 6B).

Checkpoint blockade treatment has shown clear clinical benefit, with FDA approval in
several cancers (1, 21, 41-43). There is a growing enthusiasm for testing checkpoint
blockade in combination with other approaches to augment immune-mediated antitumor
effects (5, 39). Anti-CTLA-4 has been combined in preclinical studies with each of the
separate types of agents used in our study. Enhanced antitumor effects of checkpoint
blockade and local treatment with CpG have been reported (44, 45). A combinatorial therapy
using anti-CTLA-4 and agonistic anti-CD40 induced a stronger T cell-mediated antitumor
effect than either treatment given individually (46, 47). Anti-CTLA-4 was synergistic with
the immunocytokine L19-1L2 (34). Here we show for the first time that a rational
combination of all four of these immunomodulatory agents (anti-CD40, CpG, antibody-IL2
IC and anti-CTLA-4), each of which is either in clinical testing or already approved for
clinical use, results in activation of innate and adaptive immunity and a synergistic antitumor
effect resulting in more potent antitumor efficacy against well-established tumors.
Addressing the mechanisms of this synergistic effect, we found that anti-CD40/CpG
treatment of tumor-bearing mice induced local and systemic activation of T cells. This
activation might be a result of local tumor destruction by activated macrophages and
subsequent tumor antigen presentation. The mechanisms of anti-CTLA-4 augmenting T cell
responses have been shown by others to be related to the blockade of the inhibitory activity
of CTLA-4 on effector T cells (17,18) and also to the depletion of CD4* T regulatory cells
(46,48), particularly for the anti-CTLA-4 1gG2a isotype. When tested in combination with
14.18-I1L2 IC against B78 melanoma, anti-CTLA-4 IgG2a was more effective than 1gG2b,
suggesting that better T regulatory cell depletion by anti-CTLA-4 1gG2a (23) is playing a
beneficial role in our combined immunotherapy. We found that the combined treatment with
anti-CD40/CpG + IC/anti-CTLA-4 substantially reduced T regulatory cells and increased
the number of CD4" and CD8* T cells (Figure 4C); the relative contribution of individual
treatments, and distinct T cell subpopulations, to this effect remains to be determined.

The combined treatment with anti-CD40/CpG + IC/anti-CTLA-4 induced much better
antitumor effects in mice bearing GD2-expressing B16 tumor compared with parental B16
tumor, suggesting among other possibilities that 14.18 mAb in the IC plays a role in this
antitumor effect. When 14.18-I1L2 IC was given i.v. it had a much greater antitumor effect
than a combination of IL2 and 14.18 mAb (49). In addition, when given IT as single agent
treatment, an IC able to bind to the tumor via its mAb component is more effective than
either IT administration of IL2 or IT administration of an IC consisting of a control mAb,
unable to bind to the tumor (13). Even so, when these reagents are delivered in the tumor by
IT injection, as in this study, the comparative efficacy of IC versus 14.18 mAb + IL2 versus
IL2 alone, when given in combination with anti-CD40/CpG + anti-CTLA-4, is yet to be
determined.

Overall, our results indicate that this combination of anti-CD40/CpG + IC/anti-CTLA-4 is
more effective than its component parts, and activates responses via both innate and adaptive
immune effects. These findings also provide the preclinical justification for further
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development of this form of combined cancer immunotherapy strategy in order to pursue
early-phase clinical testing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Antitumor effect of anti-CD40 + CpG is T cell-independent. B78 melanoma cells (2x106)

were injected s.c. into C57BL/6 (A) and nude mice (B) on day 0. Anti-CD40 (500 mcg) was
given i.p. on day 23. CpG (25 mcg) was given i.t. on days 26, 28, 30. Data shown are means
+ SEM of 5 mice per group. Statistics for all figures are depicted as follows: * P<0.05, **
P<0.01, *** P<0.001, **** P<0.0001. Unless stated otherwise, statistical differences for this
and other figures are indicated for the last day on the graph. For all figures, the differences
between the control vs. treatment groups are shown. In addition, the differences between a
combined treatment vs. separate treatment groups are shown in Figures 3A and 4A.
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Figure 2.

Anti-CD40 and CpG induce activation of T cells in draining lymph nodes. C57BL/6 mice (3
mice per group) were injected s.c. into the left side of abdomen with 2x106 B78 cells (day
0). On day 7 the mice were injected i.p. with anti-CD40, and on day 10 they received CpG
i.t. Control mice received PBS. On day 11, left inguinal lymph nodes were collected, pooled
and stained with anti-CD4, anti-CD8, and with antibodies against T cell activation markers.
The results are shown as histograms of viable lymph node cells gated on either CD4* or
CD8™ cells. Grey areas show staining with specific antibodies, white areas are isotype
controls. Numbers above indicate percentage of positive cells and numbers below indicate

mean fluorescence intensity.
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Figure 3.
Antitumor effect of the combination of 14.18-1L2 IC and anti-CTLA-4. A,B. B78 melanoma

cells were injected s.c. into C57BL/6 mice (day 0). 14.18-I1L2 IC (5 mcg/mouse) was
injected i.t. daily on days 7-11. Anti-CTLA-4 i.p. (200 mcg/mouse) was injected i.p. on
days 7,9,11,14,16,18. The data are shown as means £ SEM of tumor volumes (A) and
survival (B) of 5 mice per group. C,D: Role of T cells. B78 melanoma cells were injected
s.c. into C57BL/6 (C) and Nude (D) mice on day 0. 14.18-1L2 IC (5 mcg) was given i.t. on
day 6-10. Anti-CTLA-4 (200 mcg) was given i.p. on day 6,8,10. Data shown are means +
SEM of 4-5 mice per group. E. Effect against advanced tumors. B78 cells were injected s.c.
into C57BL/6 mice (day 0). Mice received 14.18-1L2 IC i.t. (5 mcg) on days 12-16, and
anti-CTLA-4 i.p. on days 12,14,16,19,26 and 33. Data shown are means = SEM of 4-5 mice
per group.
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Figure 4.
Synergistic antitumor effect of anti-CD40/CpG and 14.18-1L2 IC/anti-CTLA-4. B78

melanoma cells (2x106) were injected s.c. into C57BL/6 mice on day 0. Anti-CD40 (500
mcg) was injected i.p. on day 23; CpG (25 mcg) was injected i.t. on days 26,28,30. 14.18-
IL2 IC (25 mcg) was given i.t. on days 26-30; anti-CTLA-4 (200 mg) was injected i.p. on
day 26,28,30,33,35,40. The results are shown as means + SEM of tumor volumes (A) and
survival (B) of 5 mice per group. C. C57BL/6 mice bearing B78 tumors received combined
treatment with anti-CD40/CpG and IC/anti-CTLA-4 (clone 9D9, 1gG2a) as described in
Figure 4A up to day 33. On day 34 tumors were removed, and single cell suspensions were
evaluated for indicated immune cells by flow cytometry. The results are shown as means +
SEM of 5 mice per group. D. C57BL/6 mice were injected s.c. with 5x10° B16 or B16-GD2
cells. Anti-CD40 was injected i.p. on day 7; CpG was injected i.t. on days 10,12,14. 14.18-
IL2 IC was given i.t. on days 10-14; anti-CTLA-4 (clone 9D9, 1gG2a) was injected i.p. on
day 10,12,14,17,19,21. Control mice received no treatment. The results are shown as
survival of 5 mice per group.
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Figure 5.

Role of T cells but not NK cells in the antitumor effect of the combined treatment with anti-
CDA40/ CpG + 14.18-IL2 IC/anti-CTLA-4. C57BL/6 (A) and Nude mice (B) were injected
s.c. with 2x10° B78 cells. Mice were treated with anti-CD40 (500 mg i.p.) on day 16 and
CpG (25 mcg i.t.) on days 19, 21, 23; anti-CTLA-4 (200 mg i.p.) on days 19,21,23,26,28,30
and 14.18-1L2 IC (25 mcg i.t.) on days 19-23; combination of all four agents or PBS
(control). The results are shown as means = SEM of tumor volumes of 5 mice per group. C.
C57BL/6 mice were injected s.c. with B78 cells. Treatment groups were injected with anti-
CDA40 on day 11, CpG on days 14, 16, 18, 14.18-IL2 IC on days 14-18, and anti-CTLA-4 on
days 14,16,18,21,23,25. To deplete T cells, one group of treated mice received i.p. injections
of both anti-CD4 and anti-CD8 (300 mcg each) on days 10,14,18,22,26, and another group
of treated mice received rat 1gG (600 mcg) as a control for T cell depletion. D. C57BL/6
mice were injected s.c. with B78 cells. All treatment groups were injected with anti-CD40
on day 10, CpG on days 13,15,17, anti-CTLA-4 on days 13,15,17,20,22,24, and hul4.18-
IL2 IC on days 13-17 (designated as “Combo”). The mice received rat 1gG, anti-CD4 +
anti-CD8, anti-NK1.1 or a combination of anti-CD4/8 and anti-NK1.1 (all on days
9,13,17,21,25,29,33,37, and 41). The results are shown as means + SEM of tumor volumes.
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Immunological memory in mice that rejected tumors following combined treatments. Naive
C57BL/6 mice (A,D) and C57BL/6 mice that rejected their B78 tumors following treatment
with either 14.18-1L.2 IC and anti-CTLA-4 (C,F,) or anti-CD40/CpG + 14.18-IL2 IC/anti-
CTLA-4 (B,E), were injected s.c. with 2x106 B78 tumor cells (A—C) or 2x10° B16-F10
tumor cells (D-F). Tumor growth curves of individual mice are shown. The mice in group E
(injected with B16-F10 cells) are the same mice as in group B that were rechallenged with
B78 cells and did not develop tumors. The number of mice in each group shown are: A=4,
B=2, C=2, D=4, E=2 and F=2. The time scales for D, E and F are smaller than for A, B and
C because the B16-F10 grows far more quickly than does B78.
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Figure 7.

S)?stemic antitumor and anti-metastatic effects of the combined therapy. A. Comparison of
different checkpoint antibodies in combination with 14.18-I1L2 IC against B78 melanoma.
C57BL/6 mice were injected s.c. with 2x10° B78 cells. 14.18-1L2 IC (5 mcg/mouse) was
injected i.t. on days 12—16. Various checkpoint antibodies (200 mcg/mouse) were injected
i.p. on days 12,14,16,19,21 and 23. B,C. B78 melanoma cells (2x106) were injected s.c. into
the right and left sides of the abdomen on day 0. Each tumor on the left was injected with
CpG (25 mcg) on days 12,14,16 and with14.18-1L2 IC (25 mcg) on days 12-16. These
treatments were given in combination with i.p. injections of anti-CD40 (500 mcg) on day 9
and anti-CTLA-4, 1gG2a (200 mcg) on days 12,14,16,19,21,23. The results are shown as
means + SEM of volumes of the left side (treated) (B) and right side (untreated) (C) tumors.
D-F: C57BL/6 mice were injected s.c. with 2x108 B78 melanoma cells (day 0) and i.v. with
1x10° B16-F10 melanoma cells (day 1). Mice were treated with anti-CD40 (0.5 mg) i.p. on
day 8, with CpG (25 mcg) i.t. on days 11,13,15, with 14.18-1L.2 IC (25 mcg) i.t. on days 11—
15, and with anti-CTLA-4 1gG2a (200 mcg) i.p. on days 11,13,15,18,20,21. The results are
shown as means + SEM of s.c. tumor volumes (D) and survival (E) of 5 mice per group.
Lung photographs taken on day 32 from a separate identical experiment are shown,
contrasting visable metastases in control vs. treated mice (F).
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