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ABSTRACT

The induction of tumor-targeted, cytotoxic T lymphocytes has been recognized as a key component to
successful immunotherapy. DPX-based treatment was previously shown to effectively recruit activated
CD8* T cells to the tumor. Herein, we analyze the unique phenotype of the CD8" T cells recruited into the
tumor in response to DPX-based therapy, and how combination with checkpoint inhibitors impacts T cell
response. C3-tumor-bearing mice were treated with cyclophosphamide (CPA) for seven continuous days
every other week, followed by DPX treatment along with anti-CTLA-4 and/or anti-PD-1. Efficacy, immu-
nogenicity, and CD8" T cells tumor infiltration were assessed. The expression of various markers, including
checkpoint markers, peptide specificity, and proliferation and activation markers, was determined by flow
cytometry. tSNE analysis of the flow data revealed a resident phenotype of CD8" T cells (PD-1*TIM-
3*CTLA-4") within untreated tumors, whereas DPX/CPA treatment induced recruitment of a novel popu-
lation of CD8" T cells (PD-1*TIM-3"CTLA-4") within tumors. Combination of anti-CTLA-4 (ipilimumab) with
DPX/CPA versus DPX/CPA alone significantly increased survival and inhibition of tumor growth, without
changing overall systemic immunogenicity. Addition of checkpoint inhibitors did not significantly change
the phenotype of the newly recruited cells induced by DPX/CPA. Yet, anti-CTLA-4 treatment in combina-
tion with DPX/CPA enhanced a non-antigen specific response within the tumor. Finally, the tumor-
recruited CD8" T cells induced by DPX/CPA were highly activated, antigen-specific, and proliferative,
while resident phenotype CD8* T cells, seemingly initially exhausted, were reactivated with combination
treatment. This study supports the potential of combining DPX/CPA with ipilimumab to further enhance
survival clinically.
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Introduction The hypothesized approach to treating immunotherapy-resistant
tumors is to use immunotherapy that induces immune cell, parti-
cularly cytotoxic T cell, infiltration into the tumor. Therefore, the
most successful treatment regimens will include technologies that
stimulate the infiltration of antigen-activated cells, such as CD8"
T cells, and combine these treatments with agents that target
mechanisms of immune suppression, facilitating the tumor-
killing capacity of infiltrating cells.

The DPX platform is a water-free lipid-based formulation,
where antigens and adjuvants can be combined into an oil
phase and injected subcutaneously. When it is administered
in vivo, rather than passively releasing its contents at the site of
injection, the components are retained, forcing an active pro-
cess by which antigen-presenting cells take up the components
and transport them to regional lymph nodes.* When contain-
ing MHC class I restricted epitopes, DPX-based formulations
comprise an in vivo T cell targeting immunotherapy that
induces robust immune responses both in preclinical animal

Cancer immunotherapy has grown to become a clinically
viable alternative to traditional treatments such as radiation,
chemotherapy, and targeted therapies. Having demonstrated
clinical efficacy in a significant number of patients, research in
immunotherapy is shifting its focus to understanding the bio-
logical mechanisms of resistance in order to improve clinical
outcome. Treatment challenges remain, given that tumors are
highly heterogeneous. The analysis of cell populations in
tumors has shown that they are composed of a complex mix
of tumor cells, stroma cells and leukocytes. Some cells within
the tumor may be susceptible to a targeted immune response,
while others may be resistant, or may be contributing to
a protumorigenic and/or immunosuppressive environment."
One approach to address this heterogeneity is to combine
immunotherapies that target different components of the
tumor microenvironment.”

Detailed immune analysis of leukocytes in tumors reveals
a continuum of immune infiltrates, ranging from “cold” (little to
no infiltrate) to “hot” (highly infiltrated), with approved immu-

. . . . . 3
notherapies demonstrating inferior efficacy in “cold” tumors”.

studies and in clinical trials.>® In the clinic, the most advanced
product is DPX-Survivac, containing minimal peptide epitopes
from survivin, a key component of tumor cell biology.”® DPX-
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Survivac has been used in several cancer types, including
advanced ovarian cancer, and is currently being studied in
ongoing Phase 2 trials (NCT02785250, NCT03836352,
NCT03029403). DPX-Survivac-based immunotherapy has the
capacity to induce T cell immune responses as a monotherapy,
and administering it with intermittent oral low dose cyclopho-
sphamide (CPA) has been demonstrated, both preclinically
and clinically, to enhance antigen-specific immune
responses.” The proposed mechanism of action for the
improved response, as explored in preclinical mouse models,
is that when CPA is given early in the treatment cycle, CPA
transiently depletes lymphocytes; facilitating an enhanced anti-
gen-specific CD8" T cell response by DPX treatment, with
strong cytotoxic T lymphocyte activity in the lymph nodes
and the tumor.”

However pivotal, a robust antigen-specific CD8" infiltrate
may not be sufficient to induce a clinically meaningful response
in all patients.’” Many tumors can suppress CD8" T cell
response by inducing an immunosuppressive environment,
which can include: induction of an acidic environment,”
recruitment of suppressive immune cells such as T regulatory
cells and myeloid-derived suppressor cells,*” and induction of
checkpoint markers on immune cells.'’"** Checkpoint markers
(e.g. PD-1 and CTLA-4) are immune receptors whose expres-
sion can lead to cell anergy. Many cancers have been shown to
upregulate the PD-1 ligand, PD-L1."> Interactions between
PD-1 and PD-L1 can result in inhibition of T cell activities
and suppression of T cell proliferation.'* By blocking this
interaction with monoclonal antibodies targeting either the
ligand or the receptor, immune suppression via this mechan-
ism is hindered, which can then allow for an effector immune
response to occur within the tumor.'>'®

In a preclinical C3 model, a C57BL/6-derived tumor that
presents the HPV-16 E7,9.5, peptide (R9F peptide) in the
context of class I MHC molecules,’” we have shown that
combining DPX-FP (containing the RIF peptide and also
referred to as DPX onwards)/CPA treatment with antibody
targeting PD-1 results in greater tumor suppression than
DPX/CPA regimen.'® There are approved antibodies for the
treatment of cancer patients that inhibit checkpoint markers,
including PD-1 (e.g., pembrolizumab and nivolumab) or
CTLA-4 (e.g., ipilimumab).19 Other checkpoint inhibitors,
such as TIM-3 and LAG-3, are also being investigated to
determine if blocking these receptors in patients enhances
clinical responses.”>*" Similarly, agonist antibodies that acti-
vate receptors (such as OX-40 and GITR),**** and therefore
enhance an immune response, are also being examined.

The objectives of this work were to: First, investigate
whether DPX/CPA treatment modifies the expression of
checkpoint markers in the tumor infiltrate and recruitment
of cells expressing these receptors in our preclinical C3 model;
and secondly, to determine whether the use of checkpoint
inhibitors, specifically anti-CTLA-4, anti-PD-1, and anti-TIM
-3 antibodies, improves the anti-tumoral mechanisms
induced by DPX-based immunotherapies.

In order to determine the best DPX-checkpoint inhibitor
combination, we performed an in-depth analysis of the impact
of the treatment on the immune infiltrates of the tumor, with
a focus on treatment-induced, cytotoxic, antigen-specific

T cells. The analysis of tumor-infiltrating cells using flow
cytometry has traditionally examined general changes in the
population, with only a few selected parameters being analyzed
against each other at a time, which may limit the ability to see
unexpected or previously undescribed population changes.
Recently, there has been a shift toward looking at individual
cells rather than the entire cell population as a whole, which
further allows us to analyze multiple parameters at once. One
of these methods is t-distributed stochastic neighbor embed-
ding (tSNE), which allows analysis of all parameters on a per-
cell basis, and plotting it on a two-dimensional plot, where each
point represents a cell. The nearer two cells are to each other on
the plot, the more parameters they have in common. This
analysis allows researchers to assess if there are any unique
populations based on the clustered parameters within a given
cell population, and whether treatment will induce changes in
the cell populations, based on the parameters assessed.**

Using tSNE, we analyzed 12-color flow cytometry panels to
compare C3 tumor immune cell infiltrate collected from
untreated mice and mice treated with DPX/CPA to determine
what alterations in immune cell infiltrate were being induced
with treatment. We then conducted an in-depth analysis on the
cytotoxic antigen-specific T cells. From the tSNE analysis, we
selected checkpoint markers that were altered with treatment,
and analyzed whether adding monoclonal antibodies targeting
these checkpoint markers to the DPX/CPA regimen would
enhance tumor suppression, and/or alter tumor-infiltrating
cells. tSNE analysis comparing tumor immune cell infiltrate
from untreated mice and mice treated with DPX/CPA revealed
that DPX/CPA treatment induces recruitment of a new popu-
lation of highly activated CD8" T cells into the tumor, which is
absent in the tumors of untreated mice. Furthermore, by iden-
tifying this new population of cells, we found that blockade of
CTLA-4 enhances the anti-tumor effect DPX/CPA regimen has
through a unique mechanism."®

Results

Flow analysis indicates DPX-based immunotherapy
induces infiltration of T cells, macrophages, and NKT cells
into tumors, with a consistent decrease in CTLA-4
expression across multiple leukocyte subsets

We have previously demonstrated that DPX/CPA regimen increases
tumor-infiltrating PD-1* CD8" T cells compared to no treatment."® We
expanded upon these findings with an in-depth profiling of different
populations of tumor-infiltrating leukocytes and assessed how DPX-
based immunotherapy combined with CPA alters these cells compared
to untreated C3 tumors. Specifically, we analyzed differences in CD8"
T cells, CD4™ T cells, CD19" B cells, NK1.1"TCRB™ NK cells,
NKL1"TCRB" NKT cells, dendritic cells, and F4/80"CD24™ macro-
phages by traditional, immune marker-based flow cytometry. Immune
subsets were analyzed in independent panels. Pattern expression is
presented relative to fluorescence minus one (FMO) controls. Based
on our experience exploring the mechanism of action of this treatment
regimen,® and to ensure mice would develop tumors for leukocyte
infiltration analysis at the time of evaluation we initiated CPA treatment
2 weeks after C3 cell implantation and provided a single DPX treatment
on study day 21. Mice were then euthanized on study day 31, 10 days



after DPX treatment, as previously published."® As expected under this
DPX/CPA regimen, tumor volumes between the treated and untreated
groups were similar prior treatment (day 13, untreated group
2550 + 8.75 mm’; DPX/CPA group 33.66 + 5.16 mm") and at the
end of the study (day 31, untreated group 634.8 + 222.0 mm”; DPX/
CPA 1419 + 2298 mm’. p>0.05 Mann Whitney test). In tumors
isolated from mice treated with DPX/CPA, there was a significant
increase in NKT cells and macrophages compared to untreated mice
(Figure 1a). In general, there was also a trend for an increase in total
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CD3" T cells within the tumor. Subset analysis of total T cells showed
a significant increase in CD8" T cells within the C3 tumor with DPX/
CPA treatment, with no significant increase in CD4" T cells (Figure 1b).

We then assessed whether DPX/CPA regimen alters the
expression of checkpoint markers in the tumor-infiltrating
CD8" T cells (Figure 1c). As CD8" T cell recruitment to the
tumor is the major effector population responsible for tumor
regression with DPX treatment,'® we focused on whether treat-
ment changed the phenotype of these cells within the tumor.
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Figure 1. 'Flow cytometry analysis suggests DPX/CPA treatment causes a decrease in CTLA-4" tumor-infiltrating cells into the C3 tumor. Mice were implanted with tumors
on day 0 and treated with CPA 14 days later for a week. DPX-FP was administered on day 21. Ten days post DPX-FP treatment (study day 31), mice were terminated.
Tumors were dissociated and analyzed by flow cytometry to characterize different immune cell populations and their expression of checkpoint markers. a) B cells, NK
cells, NKT cells, dendritic cells, macrophages, and T cells of CD45™ cells. Note each cell type was analyzed on separate panels; therefore, the total of each cell type does
not add up to 100%; b) Percent CD4* and CD8" of total T cells; ¢) Percent of checkpoint marker positive of CD8" T cells; d) Percent of CTLA-4* of tumor-infiltrating
immune cells. Results pooled from three separate experiments, n = 7-11, average + SEM, statistics by student's t-test, * p<0.05, ** p< 0.01, *** p<0.001, **** p<0.0001
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Flow cytometry analysis showed that with DPX/CPA treatment
there is a significant decrease in the proportion of CTLA-4"
and CD40" CD8" T cells, and a significant increase in TIM-3",
LAG-3%, and ICOS™ CD8" T cells in the tumor (Figure 1c).
Analysis of the other cellular infiltrates showed that in all cells
analyzed (B cells, CD4" T cells, dendritic cells, macrophages,
NK cells, and NKT cells), the proportion of CTLA-4" cells was
significantly decreased with DPX/CPA treatment, whereas
other checkpoint marker molecules were not similarly
impacted (i.e. significant decrease across all cell types analyzed)
(Figure 1d, data not shown).

tSNE analysis shows significant changes in the CD8" T cell
populations in the tumor microenvironment following
DPX-based immunotherapy

We performed tSNE analysis on all the tumor-infiltrating
cells that we had analyzed by flow cytometry (CD4" T cells,
B cells, macrophages, dendritic cells, NK cells, and NKT
cells) (Figure 1la) to determined whether there were changes
in individual infiltrating cell populations with DPX/CPA
treatment compared to untreated. There was some
increased recruitment of specific immune cells into the
tumor (Supplementary Figure 1) in response to DPX/CPA
regimen compared to untreated. However, we did not see
a novel phenotype of cells infiltrating into the tumor in
a similarly extensive fashion as what we observed with
CD8" T cells (Supplementary Figure 1 and Figure 2a).
Based on this, and the knowledge that CD8" T cells are
likely the major effector cell type induced by DPX
treatment,'® we focused on CD8" T cells for the remainder
of these studies.

tSNE analysis of bulk CD8" T cells revealed that DPX/
CPA treatment induced recruitment of a novel CD8" T cell
population into the tumor, which is phenotypically distinct
from the CD8" T cells present in the untreated tumor
(Figure 2a). By analyzing the tSNE image as a heat map,
gating on the cell populations, and analyzing what check-
point markers were present, the recruited population of
CD8" T cells present in the tumor with DPX/CPA treat-
ment were determined to be predominantly PD-1"TIM-3*-
CTLA-4" (e.g., subpopulations in gates 1, 2, 4-7, and 12 in
representative Figure 2a), irrespective of any other check-
point markers analyzed (Figure 2b). Subpopulations that
were PD-1"TIM-3"CTLA-4" (e.g., subpopulations 15 in
representative Figure 2b) were primarily found as “resident
phenotype cells” in the untreated tumors (Figure 2c). The
ratio of CTLA-4~ to CTLA-4" CD8" T cells in treated
tumors (3.57 + 0.91) was skewed to CTLA-4~ while in the
untreated it is skewed toward CTLA-4" cells (0.070 + 0.70).
When analyzing the percent of CD8"PD-1"TIM-3"CTLA-4"
or CD8"PD-1"TIM-3"CTLA-4" of total CD45" tumor leu-
kocyte, both populations are significantly increased with
treatment compared to the untreated C3 tumors (Figure
2d and E, respectively), suggesting that although DPX/
CPA does recruit a new population of CD8" T cells into
the tumor, it also increases the number of “resident phe-
notype” CD8" T cells.

CTLA-4 and TIM-3 inhibition combined with DPX/CPA
treatment to enhance survival and inhibition of C3 tumor
growth

In our previous work, PD-1 blockade was shown to synergize
with DPX and CPA to significantly delay C3 tumor growth and
increase survival compared to DPX/CPA regimen.'® Since the
two main CD8" T cell populations within the tumor were PD-
1'TIM-3"CTLA-4""", we sought to determine if antibodies tar-
geting CTLA-4 or TIM-3 would also enhance the anti-tumor
effects of DPX/CPA treatment, in a similar manner to targeting
PD-1.

C57BL/6 mice (n = 8/group) were implanted with C3
tumors and were treated with DPX/CPA along with anti-
CTLA-4 or anti-TIM-3 antibodies in two separate experiments.
Mice implanted with C3 tumors were treated with CPA for
a week starting 8 days after implantation. On study day 15,
mice were administered DPX. Antibody treatment, including
anti-CTLA-4 or anti-TIM-3 therapy, or isotype control, was
administered on either day 15, 18, or 21. This treatment regi-
men was repeated 2 weeks later, with CPA commencing on day
22. In our experience with this model, initiating DPX/CPA
regimen on these days provides suboptimal protection from
tumor growth; therefore, we considered this to represent more
advanced tumors. Anti-CTLA-4 treatment alone had no effect
on C3 tumor growth or survival compared to the untreated
group (Figure 3a and b), while combining anti-CTLA-4 treat-
ment with DPX/CPA immunotherapy led to a significant
increase in mouse survival when administered on the day of
DPX treatment (day 15 and 29) and a significant delay in
tumor growth compared to mice treated with DPX/CPA
alone (Figure 3a and b).

Anti-TIM-3 antibody alone did not impact survival (Figure
3c) or tumor growth (Figure 3d) significantly compared to
untreated group, while anti-TIM-3 treatment administered
on day 18 and 32 (3 days post DPX administration) significantly
enhanced survival with DPX/CPA compared to DPX/CPA with
isotype control. This enhancement was not to the same degree as
anti-CTLA-4 enhanced survival despite the marker being
expressed on nearly all T cells in the tumor. Due to the differ-
ential expression of CTLA-4 on these tumor T cells and due to
the availability of a clinically approved target, anti-CTLA-4
treatment was further analyzed to explore its role in this model.

Antibody treatment combined with DPX and low dose
cyclophosphamide does not impact expression of
receptors or populations of C3 tumor-infiltrating
lymphocytes

As anti-PD-1'® and anti-CTLA-4 (Figure 3a and b) had an
impact on survival and tumor growth when in combination
with DPX/CPA, we wanted to determine whether the addition
of antibody treatment to DPX/CPA treatment further alters the
number of CD8" T cells in the tumor, or the checkpoint
markers present on CD8" T cell infiltrates. As previously
described (Figure 1), CPA treatment was initiated 2 weeks
after tumor cell implant, and DPX-FP was administered
on day 21 to ensure mice would have tumors at the time of
evaluation. Anti-CTLA-4, anti-PD-1, and associated isotypes
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Figure 2. CD8" T cells in untreated C3 tumor is PD-1*TIM-3*CTLA-4*, while DPX/CPA treatment induces recruitment of PD-1"TIM-3*CTLA-4~ CD8" T cells. Experimental
design is same as in Figure 1. Tumors were dissociated and analyzed by flow cytometry, using tSNE analysis to determine alterations in populations of CD8" T cells
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T cell that DPX/CPA induces by itself (Figure 4a. Gating
strategies are indicated in Supplementary Figures 2 to 4). The
antibodies with or without DPX/CPA did not modify the
subpopulation of PD-1"CTLA-4" cells (Figure 4b). The
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combination of both antibodies without DPX, however, did
increase the PD-1"CTLA-4~ CD8" T cell population compared
to untreated (Figure 4c). Still, this increase was lower than
DPX/CPA alone. The DPX/CPA effect was not further
enhanced by the addition of both antibodies, either alone or
together.

DPX/CPA treatment increases effector memory, highly
proliferative, antigen-specific, CD8" T cells with

a phenotype that is largely not impacted by checkpoint
inhibition

It is known that DPX/CPA treatment induces recruitment of
antigen-specific proliferating CD8" T cells into the tumor,'®
but we also wanted to measure whether there were alterations
to non-antigen specific CD8" T cells, and whether they would
have proliferative capabilities based on the expression of Ki67
by flow cytometry. The activation status of CD8" T cell-specific
populations such as CTLA-4" or CTLA-4~ was also character-
ized by examining the expression of the memory markers
CD62L and CD44. Antigen-specific CD8" T cells were identi-
fied for their specificity to the ROF peptide antigen, delivered by
DPX, wusing an antigen-specific ~dextramer (Dex").

Additionally, we determined whether anti-PD-1 or anti-
CTLA-4 antibody therapy could alter the characteristics of
these populations.

Our analysis shows a higher proportion of CD8" T effector
memory cells (CD44"CD62L") in the DPX/CPA/antibody-
treated mice compared to untreated or antibody only treated
mice (Figure 5a). There were no significant differences between
DPX/CPA/Isotype antibody-treated mice and mice treated
with DPX/CPA/anti-CTLA-4 and/or anti-PD-1. Analysis of
these effector memory CD8" T cells revealed that in the
DPX/CPA + antibody-treated groups a majority were antigen-
specific (Dex") compared to untreated or antibody alone trea-
ted mice (Figure 5b and c). Conversely, a higher proportion of
CD8" T cells (antigen-specific or nonspecific) in untreated or
antibody-alone treated mice were naive (CD44"CD62L") com-
pared to DPX/CPA/antibody-treated mice, with no significant
differences between untreated or antibody-treated only mice
(Figure 5d-f).

CD8" T cells within the tumor were further characterized
from total T cells. Our data show that mice treated with DPX/
CPA had a high number of CD8" T cells than groups treated
with antibodies alone or untreated (Figure 6a). The proliferat-
ing status (Ki67") of both antigen specific and non-antigen
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Figure 4. Antibody targeting either PD-1 or CTLA-4 does not alter the DPX/CPA-
induced recruitment of PD-1"CTLA-4~ CD8" T cells into the C3 tumor. Mice
bearing C3 tumors were treated with CPA and DPX-FP as stated in Figure 1. Anti-
PD-1 or isotypes antibodies (Ab) were administered 6 days after DPX-FP treat-
ment; anti-CTLA-4 or isotype Ab were administered on day of DPX-FP treatment.
Ten days post DPX-FP treatment (stud day 31), mice were terminated. Tumors
were dissociated and analyzed by flow cytometry to characterize CD8" T cells and
their expression of PD-1 and CTLA-4. A) Percent CD8" T cells of CD45™ cells; B)
Percent of PD-1"CTLA-4" of CD8" T cells; C) Percent of PD-1*CTLA-4~ of CD8"*
T cells. Experiment performed once. Order of samples in all panels: untreated
n = 6 (filled circles); anti-PD-1 n = 2 (filled up-pointing triangles); anti-CTLA
-4 n =5 (filled down-pointing triangles); anti-PD-1/anti-CTLA-4 n = 5 (filled
diamonds); DPX/CPA/Isotypes antibodies (Ab) n = 7 (empty circles); DPX/CPA/
anti-PD-1 n = 4 (empty up-pointing triangles); DPX/CPA/anti-CTLA-4 n = 5 (empty
down-pointing triangles); DPX/CPA/anti-CTLA-4/anti-PD-1 n = 4 (empty dia-
monds). Average + SEM, statistics by one-way ANOVA followed by a Tukey's
multiple comparisons post-test, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
In panels A and C, ANOVA analysis indicated significant difference, but the Tukey'’s
post test could not identify which populations were different.

specific within the CD8" T cell population was determined. It
was observed that DPX/CPA-treated mice (with or without
targeting antibody) had a significant increase in proliferating
CD8" T cells that were both antigen-specific (Figure 6b) and

ONCOIMMUNOLOGY 7

non-antigen-specific (Figure 6c), compared to the untreated/
antibody alone treated mice. There was also a significant
increase of non-proliferating antigen-specific CD8" T cells in
groups treated with DPX/CPA in combination with anti-PD-1
alone or both antibodies in comparison to untreated (Figure
6d). Conversely, and as anticipated, the CD8" T cells found in
untreated/antibody alone treated mice were predominantly
non-proliferating and non-antigen-specific (Figure 6e).

Within the CD8" T cell PD-1"TIM-3", the CTLA-4"" cells
were also analyzed for their antigen-specificity and/or proliferat-
ing status. We found that the CTLA-4" population was not
proliferating in the untreated or antibody-treated mice (Figure
6f), while there was proliferation (Figure 6g) (both antigen-
specific [Figure 6H] and non-antigen-specific [Figure 6i]) in
the DPX/CPA/antibody-treated mice. Similarly, in the CTLA-
4~ population, the non-proliferating cells were also significantly
higher in the untreated or antibody-alone treated mice (Figure
6]), while proliferating CTLA-4" cells (Figure 6k) (both antigen-
specific [Figure 61] and non-antigen-specific [Figure 6m]) were
significantly higher in DPX/CPA/antibody-treated mice. As seen
previously, anti-PD-1 or anti-CTLA-4 treatment did not
enhance either of these populations more than DPX/CPA
already induced. Therefore, the increased novel population of
CTLA-4~ CD8" T cells induced by DPX/CPA, or the resident
phenotype CTLA-4" population, is not explicitly antigen-
specific or non-antigen-specific, and/or proliferative.

CTLA-4 inhibition does not enhance DPX/CPA-induced IFN-
Y response against antigen or C3 cancer cells

Because of the enhanced tumor suppression observed when DPX/
CPA is combined with anti-CTLA-4, and our previous data
showing that anti-PD-1 enhances IFN-y production induced by
DPX/CPA treatment,'® we assessed whether there was enhanced
IFN-y production when DPX/CPA treatment was combined with
either anti-CTLA-4, or anti-PD-1 and anti-CTLA-4 monoclonal
antibody treatments combined. The DPX/CPA/antibody regimen
schedule for analysis of tumor-infiltrating cells via flow cytometry
was used as stated above. Spleens and DPX-draining inguinal
lymph nodes from C3 tumor-bearing mice were collected
10 days post DPX treatment for an IFN-y ELISPOT. Targeted
effects were analyzed by exposing cells to the ROF peptide antigen
or C3 cells. RIL, an irrelevant peptide, and Panc02 cells were used
to determine IFN-y production due to off-target (i.e. non-R9F
specific) immune stimulation.

As expected, DPX/CPA treatment significantly increased
the immune response against ROF peptide in both splenocytes
and DPX-draining lymph node cells compared to untreated
samples or samples treated with antibody alone (Figure 7a and
b). DPX/CPA also significantly increased the immune response
against C3 cells in splenocytes, but not in DPX-draining lymph
node cells, compared to untreated or antibody alone treated
mice (Figure 7c and d).

Anti-CTLA-4 treatment (alone and combined with anti-PD
-1) did not increase the immune response to either R9F peptide
antigen or C3 cells (Figure 7a and b). However, there was
a trend toward a decrease in response compared to DPX/
CPA when anti-CTLA-4 treatment was added to the regimen
whereas, the addition of both anti-PD-1/anti-CTLA-4
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Figure 5. DPX/CPA causes an increase in effector memory CD8* T cells into the C3 tumor. Experimental design same as in Figure 1. Tumors were dissociated and
analyzed by flow cytometry to characterize CD8™ T cells. a) Percent effector memory of CD8" T cells; b) Percent effector memory of ROF peptide-specific CD8* T cells; ¢)
Percent R9F peptide-specific effector memory of CD45*CD8™ T cells; d) Percent naive of CD8* T cells; e) Percent naive of R9F peptide-specific CD8" T cells; f) Percent ROF
peptide-specific naive of CD45*CD8™ T cells. Experiment performed once. Order of samples in all panels: untreated n = 6 (filled circles); anti-PD-1 n = 2 (filled up-
pointing triangles); anti-CTLA-4 n =5 (filled down-pointing triangles); anti-PD-1/anti-CTLA-4 n = 5 (filled diamonds); DPX/CPA/Isotypes antibodies (Ab) n = 7 (empty
circles); DPX/CPA/anti-PD-1 n = 4 (empty up-pointing triangles); DPX/CPA/anti-CTLA-4 n = 5 (empty down-pointing triangles); DPX/CPA/anti-CTLA-4/anti-PD-1 n = 4
(empty diamonds). Average + SEM, statistics by one-way ANOVA followed by a Tukey’s multiple comparisons post-test, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
In panel B, ANOVA analysis indicated significant difference, but the Tukey's posttest could not identify which populations were different.

treatment significantly enhanced an IFN-y response to C3 cells
(Figure 7c¢ and d) compared to all the other treatment
combinations.

DPX/CPA/anti-PD-1/anti-CTLA-4 treatment also induced off-
target effects in the spleen and lymph nodes. Splenocytes produced
higher levels of IFN-y in response to stimulation with Panc02 cells
when compared to untreated or RO9L-activated splenocytes
(Supplementary Figure 5A). However, this response was significantly
less than the response observed by splenocytes against C3 cells, and with
lymph node cells, the response to nonspecific peptide and Panc02 cells

was equivalent to the response to ROF and C3 cells, respectively. In
addition, unstimulated cells also produced IFN-y in equivalent levels to
cells stimulated with Panc02 or C3 cells (Supplementary Figure 5B).

PD-1 and CTLA-4 blockade combined with DPX/CPA
enhances a non-antigen-specific CD8" T cell infiltrate into
the C3 tumor

As anti-CTLA-4 treatment did not alter the ROF peptide antigen
response from splenocytes or lymph node cells with DPX/CPA
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Figure 6. DPX/CPA enhances infiltrate of proliferative ROF peptide-specific and nonspecific CD8* T cells into the C3 tumor. Experimental design same as stated
in Figure 4. Tumors were dissociated and analyzed by flow cytometry to characterize CD8™ T cells. a) PercentCD8™ cells of total T cells; b) Percent ROF peptide-specific
proliferative cells of CD8* T cells; ¢) Percent non-R9F peptide-specific proliferative cells of CD8" T cells; d) Percent ROF peptide-specific non-proliferating cells of CD8*
T cells; e) Percent non-R9F peptide-specific non-proliferating cells of CD8" T cells; f) Percent of non-proliferating PD-1"TIM-3*CTLA-4* of CD8" T cells; g) Percent of
proliferatingPD-1*TIM-3*CTLA-4" of CD8" T cells; h) Percent of ROF peptide-specific proliferating PD-1*TIM-3*CTLA-4" of CD8" T cells; i) Percent of non-R9F peptide-
specific proliferating PD-1"TIM-3"CTLA-4" of CD8" T cells; j) Percent of non-proliferating PD-1TIM-3*CTLA-4~ of CD8™ T cells; k) Percent of proliferating PD-1*TIM-
3*CTLA-4™ of CD8™ T cells; I) Percent of ROF peptide-specific proliferating PD-1*TIM-3*CTLA-4~ of CD8™ T cells; M) Percent of non-R9F peptide-specific proliferating PD-
1*TIM-3*CTLA-4~ of CD8™ T cells. Order of samples in all panels: untreated (filled circles); anti-PD-1 (filled up-pointing triangles); anti-CTLA-4 (filled down-pointing
triangles); anti-PD-1/anti-CTLA-4 (filled diamonds); DPX/CPA/Isotypes antibodies (Ab) (empty circles); DPX/CPA/anti-PD-1 (empty up-pointing triangles); DPX/CPA/anti-
CTLA-4 (empty down-pointing triangles); DPX/CPA/anti-CTLA-4/anti-PD-1 (empty diamonds). n = 5-8, average + SEM, statistics by one-way ANOVA followed by
a Tukey's multiple comparisons post-test, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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Figure 7. CTLA-4 blockade does not enhance the impact DPX/CPA treatment has on antigen-specific IFN-y production. Experimental design same as stated in Figure 4.
Spleens and vaccine-draining lymph nodes were collected for immune analysis by IFN-y ELISPOT assay. Splenocytes (A, C) stimulated with R9F peptide (A), or C3 cells (C).
Number of SFU in untreated splenocyte samples were <89. Lymph node (B, D) cells were stimulated with R9F peptide-loaded syngeneic dendritic cells (B), or C3 cells (D).
Number of SFU in untreated lymph node samples in untreated and antibody-alone groups, and DPX/CPA/Isotype antibodies (Ab) or anti-CTLA-4 was <162.5; number of
SFU in untreated lymph node samples in DPX/CPA/anti-CTLA-4/anti-PD-1 ranged from 55 to 640. Untreated, irrelevant R9L, and irrelevant Panc02 data presented in
Supplementary Figure 5. Order of samples in all panels: untreated (filled circles); anti-CTLA-4 (filled down-pointing triangles); anti-PD-1/anti-CTLA-4 (filled diamonds);
DPX/CPA/Isotypes Ab (empty circles); DPX/CPA/anti-CTLA-4 (empty down-pointing triangles); DPX/CPA/anti-CTLA-4/anti-PD-1 (empty diamonds). n = 5-8, average +
SEM, statistics by one-way ANOVA followed by a Tukey’s multiple comparisons posttest, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001

(Figure 7a and b), we analyzed whether there were alterations in
non-antigen-specific responses, or in non-proliferating cells. The
non-R9F-specific (Dex") and Ki67~ CD8" population within the
C3 tumor were gated for their analysis. Untreated tumors and
tumors treated with the anti-PD-1/anti-CTLA-4 antibody combi-
nation showed an increased percentage of non-R9F-specific CD8"
T cells in comparison to the DPX/CPA/isotypes-treated group
(Figure 8a). However, a trend for an increase in non-antigen
specific CD8" T cells is observed when DPX/CPA regimen is
combined with anti-PD-1 and/or anti-CTLA-4. Analysis of total
non-R9F-specific proliferative CD8" T cells of CD45" cells was
only significantly higher in DPX/CPA/antibody treated samples
compared to untreated mice, while the proportion in DPX/CPA/
Isotype antibody-treated mice was not significantly elevated com-
pared to untreated (Figure 8b and c). Of the non-proliferative ROF
peptide-specific total CD8" T cells, anti-PD-1 and anti-CTLA-4
individually combined with DPX/CPA also enhanced (although
not significantly) the proportion compared to DPX/CPA treated
mice (Figure 8d and e). Analysis of non-R9F-specific IFN-y*
CD8" T cells revealed that DPX/CPA/anti-PD-1 or anti-CTLA-4
elevated this population, with DPX/CPA/anti-CTLA-4 signifi-
cantly increasing the levels compared to DPX/CPA treatment by
itself (Figure 8f), suggesting that antibody treatment combined

with DPX/CPA may enhance the non-antigen specific response
occurring in the tumor.

When analyzing the PD-1"CTLA-4~ CD8" T cell popu-
lation in the tumor, DPX/CPA/antibody treatment had
higher levels of R9F-specific cells (Figure 8g) and prolifer-
ating cells (Figure 8h) compared to untreated or antibody
alone treated group. Interestingly, anti-PD-1/anti-CTLA
-4-combined treatment in the absence of DPX/CPA leads
to higher levels of non-R9F-specific (Figure 8i) and non-
proliferative cells (Figure 8j) compared to all DPX/CPA/
antibody-treated groups, untreated, or anti-CTLA-4 alone
treated groups. Similar results were observed for the group
treated with anti-PD-1 alone (n = 2). In these populations
of CD8" T cells, antibody combined with DPX/CPA did not
alter the non-R9F-specific or non-proliferative population
compared to DPX/CPA treatment.

The PD-1*CTLA-4-CD8" T cell population induced by DPX/
CPA are highly activated and DPX peptide-specific

The identified PD-1"CTLA-4~ CD8" T cell population
recruited to the C3 tumor with DPX/CPA treatment was
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Figure 8. PD-1 and CTLA-4 treatment induces non-R9F peptide-specific CD8™ T cell response into the C3 tumor. Experimental design same as stated in Figure 4. Tumors
were dissociated and analyzed by flow cytometry to characterize CD8" T cells. a) Percent non-R9F peptide-specific cells of CD8" T cells; b) Percent proliferating cells of
non-R F peptide-specific CD8* T cells; ¢) Percent non-R9F peptide-specific proliferating CD8™ T cells of CD45 positive cells; d) Percent non-proliferating cells of RF
peptide-specific CD8* T cells; e) Percent non-proliferating cells of CD8™ T cells; f) Percent of non-R9F peptide-specific IFN-g* CD8" T cells of CD45 positive cells; g)
Percent ROF peptide-specific cells of CD8*PD-1"CTLA-4~ T cells; H) Percent proliferating cells of CD8*PD-1*CTLA-4~ T cells; i) Percent of non-R9F peptide-specific cells of
CD8*PD-1*CTLA-4~ T cells; j) Percent of non-proliferating cells of CD8*PD-1"CTLA-4™ T cells. Experiment performed once. Order of samples in all panel: untreated n = 6
(filled circles); anti-PD-1 n = 2 (filled up-pointing triangles); anti-CTLA-4 n = 5 (filled down-pointing triangles); anti-PD-1/anti-CTLA-4 n = 5 (filled diamonds); DPX/CPA/
Isotypes antibodies (Ab) n = 7 (empty circles); DPX/CPA/anti-PD-1 n = 4 (empty up-pointing triangles); DPX/CPA/anti-CTLA-4 n = 5 (empty down-pointing triangles);
DPX/CPA/anti-CTLA-4/anti-PD-1 n = 4 (empty diamonds). Average + SEM, statistics by one-way ANOVA followed by a Tukey’s multiple comparisons post-test, * p <0.05,
** p<0.01, *** p<0.001, **** p<0.0001
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further characterized for their antigen specificity, proliferating
status, IFN-y* production, granzyme B* content, and expres-
sion of the transcription factors Tbet and Eomes following
a tSNE analysis of flow cytometry. tSNE analysis showed
a novel population of cells being recruited into the tumor
with DPX/CPA (Supplementary Figure 6B to E), that was not
present in wuntreated or antibody-alone treated mice
(Supplementary Figure 6A and F to H). There were no obvious
differences between the tSNE graphs of DPX/CPA/antibody-
treated mice (Supplementary Figure 6C, D, and E) and DPX/
CPA alone treated mice (Supplementary Figure 6B).

Analysis of the tSNE graphs revealed that the PD-1"CTLA-
47CD8" T cells that were recruited with DPX/CPA were also
predominantly proliferative (Ki67"), antigen-specific (Dex"),
and Tbet"Eomes™ (Figure 9a). There were virtually no cells of
this phenotype in the untreated or antibody alone treated
groups, while it was significantly present with DPX/CPA with
or without anti-PD-1 and/or anti-CTLA-4 treatment (Figure
9a). These cells can be IFN-y* (Figure 9b) or granzyme B*
(Figure 9c) although that was not one of the distinguishing
markers of this unique population.

Tbet and Eomes can be markers for a variety of pheno-
types, including activation and exhaustion status, and mar-
kers of effector and memory cells, depending on the level of
expression of these markers together. Tbet"Eomes™ cells are
generally considered effector cells including effector mem-
ory cells,>> " while Tbet'®Eomes* cells include transitional
memory cells and exhausted T cells.”>*>*® Within the
CD87Ki67"Dex” population, there was no significant differ-
ence in Tbet'®Eomes" expression across the groups regard-
less of treatment (Figure 9d). In general, there were
elevated levels of Tbet'°Eomes* CD8" T cells in the tumor
with DPX/CPA =+ antibody compared to untreated or anti-
body alone treated groups, but as there were increased
levels of CD8" T cells within the tumor with DPX/CPA
regimen, that was to be expected (Figure 9e). Interestingly,
we also found with DPX/CPA/antibody treatment, an
increase in Tbet"Eomes™ cells compared to the untreated
group, within the proliferative non-antigen-specific CD8"
population (Figure 9f). This correlates with the increased
CD44"CD62L" effector memory phenotype shown in Figure
5a-c. There were no significant differences when antibody
treatment was added to DPX/CPA treatment, compared to
DPX/CPA alone treatment.

Within the PD-1"CTLA-4" population, there was no altera-
tion in the presence of either Tbet'Eomes™ (Figure 9g) or
Tbet"Eomes™ cells (Figure 9h) with DPX/CPA treatment.
Within the PD-1"CTLA-4"CD8" T cell population, when com-
pared to the untreated group, there were some significantly
increased levels of Tbet"Eomes™ cells in groups treated with
anti-CTLA-4/anti-PD-1 alone, DPX/CPA/Isotype antibody, or
DPX/CPA with either anti-PD-1 or anti-CTLA-4 (Figure 9i).
Furthermore, there were significantly elevated levels of
Tbet"Eomes™ cells within the PD-1"CTLA-4~ CD8" T cells
with DPX/CPA treated groups compared to antibody alone
treated groups (Figure 9j). Across these phenotypes, the addi-
tion of antibody treatment to DPX/CPA treatment did not
significantly alter these populations compared to DPX/CPA
regimen alone. Therefore, DPX/CPA treatment generally

induced a population of Tbet"Eomes™, or Tbet Eomes" acti-
vated CD8" T cells, with no enhancement of an exhaustive
T cell phenotype.

Within the PD-1"CTLA-4" non-proliferative CD8" T cells,
anti-PD-1 or anti-CTLA-4 significantly increased the levels of
Tbet"Eomes™ cells with DPX/CPA treatment, compared to
DPX/CPA alone regimen (Figure 9k), suggesting the antibody
treatment specifically causes induction of an activated non-
proliferative phenotype within the tumor.

Discussion

DPX-based immunotherapy is designed to stimulate and deli-
ver targeted T cells to tumors and requires an active and robust
anti-tumor phenotype for maximal efficacy. The analysis in this
preclinical study has demonstrated that DPX/CPA treatment
induces a novel population of PD-1"CTLA-4~ CD8" T cells
into the tumor not found in untreated tumors (Figure 2). Flow
analysis revealed that this treatment induced a mix of predo-
minantly effector memory phenotype cells (Figure 5) that were
both antigen-specific and non-antigen-specific cells as well as
proliferative and non-proliferative (Figure 9). A relatively high
number of naive CD8" T cells were observed in untreated or
antibody-alone treated mice compared to DPX/CPA groups
(Figure 5d). However, these cells were insufficient to signifi-
cantly impact tumor progression. Naive T cells within tumors
have been shown to differentiate into effector T cells.**?°
Further studies will elucidate whether DPCX/CPA regimen
promotes this differentiation, adding to the explanation of the
mechanism of action for the novel population of PD-1"CTLA-
4~ CD8" T cell observed in the tumor following DPX/CPA
regimen. CTLA-4 blockade enhanced the suppression of tumor
growth induced by DPX/CPA treatment (Figure 3), similar to
PD-1 blockade,'® despite a lack of expression on newly
recruited DPX-induced T cells (Figure 2b). In addition, neither
CTLA-4 blockade and/or PD-1 blockade significantly altered
the phenotype of the tumor-infiltrating CD8" T cells induced
by DPX/CPA (Figure 4 and Figure 6). Anti-CTLA-4 or com-
bined anti-CTLA-4/anti-PD-1 blockade did not significantly
alter the immune response to the C3 tumor target induced by
DPX/CPA (Figure 7). Combination of anti-CTLA-4 and anti-
PD-1 with DPX/CPA treatment did, however, induce a non-
antigen-specific response in the tumor, which may represent
epitope spreading within the tumor microenvironment (Figure
8). Further characterization of the novel population of
CD8"PD-1"CTLA-4" revealed these cells were also predomi-
nantly proliferative, antigen-specific, and expressed both Tbet
and Eomes, suggesting these cells are highly activated
(Figure 9).

Although CTLA-4 and PD-1 blockade have been found to
be a viable option for the treatment of some cancer types,'>*!
the success rate is limited in other cancer types.'®*> One of the
main mechanisms thought to be the cause of non-
responsiveness in patients to CTLA-4 or PD-1 blockade is
that these checkpoint inhibitors exert their effects predomi-
nantly within the tumor on tumor-infiltrating cells expressing
these receptors. For antibody treatment alone to be efficacious,
it would require a “hot” tumor, that already has tumor-
infiltrating immune cells present.>>® If a patient’s tumor is
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Figure 9. The PD-1*CTLA-4~ CD8" T cells induced into the C3 tumor by DPX/CPA treatment is a R9F peptide-specific, proliferative, highly activated population.
Experimental design same as stated in Figure 4. Tumors were dissociated and analyzed by flow cytometry, using tSNE analysis to determine alterations in populations of
CD8* T cells within the tumor. a) Percent PD-1"CTLA-4 Thet*Eomes* R9F-specific proliferative cells of CD8" T cells; b) Percent PD-1*CTLA-4 Tbet"Eomes*IFN-g*
R9F-specific proliferative cells of CD8* T cells; c) Percent PD-1*CTLA-4 Thet*Eomes*GrB* R9F-specific proliferative cells of CD8" T cells; d) Percent Thet'°Eomes* of ROF
peptide-specific proliferating CD8" T cells; e) Percent of ROF peptide-specific proliferating CD8* Thet'°Eomes* T cells of CD45 positive cells; f) Percent Thet*Eomes™ of
non-R9F peptide-specific proliferating CD8" T cells; g) Percent Thet"Eomes™ of CD8*PD-1"CTLA-4* T cells; h) Percent Thet*Eomes* of CD8*PD-1*CTLA-4" T cells; i)
Percent Thet*Eomes™ of CD8*PD-1*CTLA-4~ T cells; j) Percent Thet*Eomes™ of CD8*PD-1*CTLA-4™ T cells; k) Percent Thet*Eomes™ of non-proliferating CD8*PD-1*CTLA-
47 T cells. Experiment performed once. Order of samples in all panels: untreated n = 6 (filled circles); anti-PD-1 n = 2 (filled up-pointing triangles); anti-CTLA-4 n =5
(filled down-pointing triangles); anti-PD-1/anti-CTLA-4 n =5 (filled diamonds); DPX/CPA/Isotypes antibodies (Ab) n = 7 (empty circles); DPX/CPA/anti-PD-1 n = 4 (empty
up-pointing triangles); DPX/CPA/anti-CTLA-4 n = 5 (empty down-pointing triangles); DPX/CPA/anti-CTLA-4/anti-PD-1 n = 4 (empty diamonds). Average + SEM, statistics
by one-way ANOVA followed by a Tukey’s multiple comparisons post-test, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001

“cold”, or does not have strong infiltration, then there are no
immune cells within the tumor for these antibodies to bind to,
leading to lack of efficacy. In addition, as shown here and by
others,>?> CTLA-4 and PD-1 blockade does not directly

induce the recruitment of new CD8" T cells to the tumor. In
this study and previous studies,'®** DPX has been shown to
induce CD8" T cell infiltration into the tumor, which expresses
receptors which anti-PD-1 or anti-CTLA-4 can bind to (Figure
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2), making the antibody treatments more efficacious.
Interestingly, our studies reveal that although CTLA-4 block-
ade does enhance tumor suppression (Figure 3), it does not
alter the antigen-specific CD8" T cell population recruited into
the tumor (Figure 6) or the antigen-specific systemic IFN-y
response (Figure 9). In fact, although not statistically signifi-
cant, a decreased IFN-y production was observed in the group
treated with DPX/CPA/anti-CTLA-4 compared to the DPX/
CPA regimen group (Figure 7). This response is unlikely to be
attributed to the depletion of CTLA-4" effector T cells by an
action of the anti-CTLA-4 antibodies.”” >” Combining CTLA-4
and PD-1 blockade did enhance the overall systemic immune
response to our C3 target and whole-cultured C3 cells, but it
also caused an enhanced “off-target” immune response, as
shown by enhanced IFN-y production when stimulated with
either irrelevant peptide or whole-cultured Panc02 cells
(Supplementary Figure 5). Blocking both these checkpoint
markers is essentially “removing the brakes” on immune
cells, therefore leading to hyperactivated cells,"**' which
results in both a antigen-specific and non-antigen response.
These responses could lead to a synergistic effect on anti-tumor
efficacy and provide additional benefits in clinic.

Our previous study showed that PD-1 blockade increased
the clonality of antigen-specific CD8" T cells induced by DPX
and CPA within the tumor microenvironment, but did not
contain an in-depth analysis of the phenotype of these cells.'®
In this current study, we show that both DPX/CPA/anti-PD-1
and DPX/CPA/anti-CTLA-4 caused enhanced infiltrate of
non-RIF specific responses that DPX/CPA does not induce
alone (Figure 8f). This study complements the data from our
previous study, and suggests that CTLA-4 blockade may have
a similar impact on survival and tumor volume as that of PD-1
blockade, albeit likely through a different mechanism, due to
the differential expression of this molecule by the T cells
induced by treatment. Another study®* suggests the survival
of subdominant CD8" T cell clones is usually negatively
affected by immunodominant clones; however, PD-1 blockade
inhibits this effect thus enhancing survival and population size.
In another study,43 CTLA-4 knockout mice had increased
T cell clonality in the lymph node, while Karandikar et al.**
showed that CTLA-4 blockade during the acute phase of
experimental autoimmune encephalomyelitis leads to
enhanced epitope spreading. Both of these studies suggest
that the T cell clonality mechanism was due to CTLA-4 being
a natural inhibitor of self-reactive or subdominant clones and
that blocking CTLA-4 lowers the threshold for activation of
both clonotypes. Therefore, although the end result of both
blockades may lead to an enhanced non-antigen specific
response, the mechanism by which this occurs is different.
Furthermore, blockade may be acting on two different CD8
phenotypes within the tumor. As there is no overall increase in
CD8" T cells into the tumor when antibody treatment is
combined with DPX/CPA (Figure 5), these antibodies must
be acting on either the resident phenotype T cells or T cells
recruited upon DPX/CPA treatment. Similar to Duraiswamy
et al.,*® PD-1 blockade may be acting on one or both of these
populations, although as PD-1 blockade works when adminis-
tered 6 days post-DPX treatment,'® it suggests it is primarily
working on the newly recruited cells. Anti-CTLA-4 has to be

targeting the resident phenotype CTLA-4" cells present prior
to treatment,*” or the cells with the same phenotype that were
induced by DPX/CPA (Figure 2). Whether this is by recruit-
ment or induction of proliferation is uncertain, although we do
see an increase in proliferating PD-1"CTLA-4" CD8" T cells
with DPX/CPA treatment (Figure 6). Anti-CTLA-4 treatment
works best at suppressing tumor growth when administered on
the same day as DPX treatment, as previously demonstrated,*
suggesting it is working on resident cells within the tumor, yet
anti-CTLA-4 treatment is still able to enhance an anti-tumor
response induced by DPX/CPA treatment.

The increase in non-antigen-specific proliferating cells with
antibody treatment suggests that the mechanisms by which
PD-1 or CTLA-4 blockade enhances DPX/CPA treatment are
by improving proliferation and IFN-y production of non-
antigen-specific CD8" T cells, essentially facilitating epitope
spreading within the tumor. There was no enhanced IFN-y
production in response to C3 cells in the ELISPOT assay, but
this could be attributed to some suppression occurring in the
assay, as C3 cells in culture can express PD-L1.'® As this non-
antigen-specific CD8" T cell population is smaller than the
antigen-specific population induced by DPX/CPA (Figure 8),
when assessed by traditional flow cytometry, it appears as if
there is no change in overall CD8" T cell infiltration; this
population, however, is sufficient to have an impact on tumor
suppression. Given that tumor suppression does not occur
when mice are treated with antibody alone (Figure 3), it
appears that although CTLA-4 blockade may be able to prime
the tumor microenvironment by acting on existing CTLA-4"
T cells, an immune-activated environment, such as the one
induced by DPX/CPA, is required to initiate a robust tumor-
specific immune. Supporting this theory, anti-CTLA-4 is most
effective when delivered concomitantly with DPX/CPA (Figure
3), and yet CTLA-4 is not expressed on DPX/CPA-induced
recruited CD8" T cells (Figure 2b), suggesting the antibody acts
on cells already present within the tumor. Combination ther-
apy with anti-PD-1 may work in a similar fashion by DPX/
CPA treatment first inducing an immune-activated environ-
ment, prompting a response in both antigen-specific and non-
specific cells, and then anti-PD-1 treatment enhancing that
response. In summary, DPX/CPA “fuels” an immune-
activating response by induction of an antigen-specific
response inside the tumor which induces a non-antigen-
specific CD8" T cell response, that can be enhanced by the
addition of checkpoint blockade.

This study reveals the heterogenous nature of the CD8"
T cells inside the tumor microenvironment, highlighting that
bulk analysis of total CD8" may not give an accurate represen-
tation of the functional immune response in the tumor micro-
environment. We explored the distinct phenotype induced by
immunotherapy and delved into the impacts on these effector
cells throughout combination treatment. Our data also demon-
strate the additional information that can be gleaned when cells
are analyzed as a whole within their environment (Figure 2 and
Figure 9), rather than exploring them with individual markers
(Figure 1). Standard analysis of the tumor-infiltrating popula-
tion by flow cytometry revealed what appeared to be a decrease
in CTLA-4" cells with DPX/CPA treatment (Figure lc).
However, looking at the CD8" T cell population as individual



cells and individual phenotypes via tSNE analysis revealed that
the CTLA-4 expression does not actually decrease with DPX/
CPA treatment, and instead a new population of CTLA-4" cells
is being brought into the tumor, and resident CTLA-4" T cells
are also increasing (Figure 2b and C), just not to the same
magnitude as those induced by DPX/CPA treatment (Figure
2e). tSNE analysis also revealed that this induced population is
not present within untreated tumors and DPX/CPA causes this
novel cell population to infiltrate the tumor to a high magni-
tude and is likely key to DPX/CPA’s efficacy in controlling
tumor progression. This further supports data about the
mechanism by which DPX treatment causes tumor suppres-
sion, through induction of a novel population of CD8" T cells
into the tumor that has a different phenotype than the resident
CD8" T cells that are present without treatment.

The dual populations of PD-1*CTLA-4"" cells have been
described in other tumor models,* but to our knowledge, this
is the first time that we see a treatment that induces a specific
population of T cells into the tumor. PD-1"CTLA-4" cells are
proliferative (Figure 6k) and express IFN-y and granzyme
B (Figure 9b and c). In contrast, PD-1"CTLA-4" cells are
described as a phenotype of severely exhausted cells, and
within the tumor, antigen-specific,*” which may be the case
in the resident phenotype CD8" population in untreated mice
(whether that antigen is the antigen delivered by DPX, or
another tumor-associated antigen). These cells are capable of
being reactivated when both PD-1 and CTLA-4 receptors are
blocked by nivolumab or ipilimumab,46 and increase in num-
ber with anti-PD-1 or anti-CTLA-4 treatment.*’” In our study,
the increase in Ki67" cells in DPX/CPA treated groups (Figure
9) suggests that DPX/CPA treatment may be overcoming
exhaustion and cause reactivation of those cells that can then
actively target the tumor to induce tumor suppression. This
proposed mechanism is likely due to the unique way in which
DPX activates T cells. The oil-based formulation exposes the
immune system to the immune-activating components over an
extended period of time and forces active update by antigen
presenting cells. The draining lymph nodes are then also pro-
longingly exposed to target antigens and likely result in feeding
the tumors with newly activated T cells in a continuous
manner.**®

Although it is known that the mechanism by which DPX
induces tumor regression is by induction of an antigen-specific
PD-1* CD8" T cell infiltrate into the tumor,'® this study adds
to the theory by demonstrating that a new population of highly
activated CD8" T cells, not present in untreated tumors, is
being recruited, which advances our knowledge of the pheno-
type of these tumor infiltrating CD8" T cells. Tbet"Eomes™
T cells are considered effector or effector memory T cells,?>”
7 while Tbet°Eomes* T cells are considered memory or
exhausted,”>***® which is a typical state of T cells found within
the tumor microenvironment without treatment.*”
Tbet"Eomes™ T cells are not greatly described and there is little
consensus on the phenotype; this population has been
described as an effector cell type,”® a terminally differentiated
cell type,”” and an exhausted phenotype.”” These newly
recruited CD8" T cells are proliferating, as identified by the
presence of Ki67" stain (Figure 9), and we are also seeing
suppressed tumor growth (Figure 3), all suggesting that these
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cells are active and responding within the tumor. Wei et al.*’

categorize PD-1"Tbet'Eomes” as terminally differentiated
exhausted cells but highly proliferative, which increases in
number with anti-PD-1 or anti-CTLA-4 treatment and also
correlated with a decrease in tumor growth. In our study, DPX
caused a large infiltrate of these cells into the tumor, therefore,
further demonstrating that DPX induces an important anti-
tumorigenic CD8" T cell population into the tumor, in this
case greater than what was induced by just antibody treatment
alone or even antibody in combination with GVAX in the
previously described study.”” Furthermore, exhausted cells
are thought to be a main target for anti-PD-1 treatment, and
in patients, expansion of exhausted cells has been shown to
correlate with clinical benefit when treated with anti-PD-1
treatment.”® This supports how anti-PD-1 and anti-CTLA-4
have an additive effect when combined with DPX/CPA treat-
ment. Due to the high level of response in the tumor, we
propose that this is a phenotype of a highly activated, poten-
tially reinvigorated T cell population. Other markers would
have to be analyzed to further characterize these cells in the
future, such as other exhaustion markers like the newly dis-
covered TOX transcription factor,” and to extend this data to
the phenotype of samples collected in clinical trials with DPX-
Survivac.

In summary, we have shown that DPX/CPA single regi-
men induces the recruitment of a novel population of CD8"
T cells that is phenotypically distinct from resident pheno-
type CD8" T cells found within the tumor without treat-
ment. The phenotype of this recruited population appears
to be antigen-specific, proliferative, and highly activated
PD-1"CTLA-4" cells. We have also demonstrated that
blockade of CTLA-4 enhances DPX/CPA-dependent tumor
suppression, and, similarly to PD-1 blockade, is due to
enhancing a non-antigen-specific response. There is poten-
tial that in clinical settings, similar populations of CD8"
T cells are being recruited to the tumor, and that additional
checkpoint blockade with candidates such as ipilimumab
can combine well with DPX-Survivac treatment to enhance
treatment.

Materials & Methods
Experimental Animals

All animal studies are preapproved by the Dalhousie University
Committee on Laboratory Animals, which complies with the
Canadian Council on Animal Care (CCAC) Guidelines and
Policies.

Pathogen-free, female C57BL/6 mice were obtained from
Charles River Labs (St. Constant, QC, Canada) at 6 weeks
of age. Mice were group-housed in individually ventilated
cages within a barrier facility; food and water were supplied
ad libitum and environmental enrichment was provided
(house and nesting materials). Mice were acclimatized for
at least 7 d, at which point they were enrolled in studies at
approximately 7 weeks of age and 15 to 25 g body weight.
Detailed clinical examinations were performed at least once
per week for the duration of each study to monitor health
status. Five to eight mice were assigned to each study
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groups prior to initiating treatment. Studies were per-
formed one to three times.

Peptides and DPX Formulation and Delivery

All peptides were synthesized by NeoMPS (San Diego, CA,
USA) at >90% purity. The H2-D® peptide epitope HPV16
E749.57 (RAHYNIVTEF; R9F) was used in each study. All vac-
cines contained a universal T helper peptide PADRE
(AKXVAAWTLKAA).

Peptides were formulated in DPX with a proprietary adju-
vant as previously described.” Briefly, peptides and adjuvant
were solubilized in appropriate buffer and mixed with 10:1 (w:
w) DOPC/cholesterol mixture (Lipoid GmBH, Germany) to
form liposomes. The aqueous mixture was lyophilized to a dry
cake which was reconstituted with Montanide ISA51 VG
(SEPPIC, France) just prior to injection.

Mice were injected subcutaneously on the right flank with
50 pL of DPX. Each dose of DPX contained 10 pug RIF fused to
PADRE and 20 pg adjuvant. When multiple treatments were
administered, they were given in the same area but avoiding
previous sites of injection.

Intermittent Low Dose Cyclophosphamide

Cyclophosphamide (Sigma-Aldrich, Oakville, Ontario) was
reconstituted and provided for seven consecutive days in
drinking water (PO) at 0.133 mg/mlL, calculated to deliver
20 mg/kg/day, based on 3 mL water/mouse/day. Water was
changed every 3-4 days. Mice that were treated with cyclopho-
sphamide were monitored for signs of ill health indicating
adverse reactions to treatment.

Monoclonal Antibodies

Monoclonal antibodies for in vivo administration were pur-
chased from BioXCell (West Lebanon, NH, USA). Anti-CTLA
-4 (clone 9D9, mouse IgG2b, 100 ug) or isotype control (clone
MPC-11, mouse IgG2b, 100 pg), anti-PD-1 (clone RMP1-14,
rat 1gG2a, 200 pg) or isotype control (clone 2A3, rat IgG2a,
200 pg), or anti-TIM-3 (clone RMT3-23, 250 pg) or isotype
control (clone 2A3, 250 pg) was administered by intraperito-
neal injection on days indicated in figure legends.

C3 in vivo tumor studies

The C3 cell line, provided by Dr. Martin Kast (USC, Los Angeles,
USA), is derived from C57BL/6 mouse embryo cells transfected
to express genes from HPV16."” The C3 tumor line was main-
tained in IMDM (Gibco, ThermoFisher, Waltham, MA USA)
supplemented with 10% cosmic calf serum (CCS; HyClone,
ThermoFisher), 2% penicillin-streptomycin (Gibco), 50 mM B-
mercaptoethanol (Gibco) and 2 mM L-glutamine (Gibco).
Mice were implanted with 3 x 10°> C3 tumor cell subcuta-
neously in the left flank (study day 0). Tumor growth was
measured with digital calipers twice weekly and tumor volume
calculated using the formula (width® x length)/2. For experi-
ments requiring determinations of survival, endpoint was
determined to be when mice had tumor volumes of

>2000 mm®, showed significant signs of ill health, or when
necrotic lesions were observed on tumor.

When endpoint was determined, mice were humanely
euthanized per CCAC guidelines. For flow cytometry and
ELISPOT assays, animals were euthanized at pre-determined
timepoints and the right (treatment draining) inguinal lymph
node, spleen, and tumors were collected from mice upon
termination.

Mice were treated with either of the following regiments
following implantation: For tumor analysis studies, mice
received CPA for a week starting on day 14, DPX-FP was
administered on day 21 (in some analysis, anti-CTLA-4 anti-
bodies administered on day 21 and anti-PD-1 antibodies
on day 27) and ten days later (day 31), mice were terminated.
For challenge studies, CPA was administered for 1 week start-
ing on days 8 and 22, DPX-FP was administered on days 15
and 29, and antibodies or corresponding isotype controls were
added in a period ranging from days 15 to 35.

Tumor Dissociation

Tumors were cut into small pieces with a scalpel and trans-
ferred into a 15 mL tube containing 5-10 mL of digestion
buffer [1 mg/mL collagenase type 1 (Gibco) + 0.1 mg/mL
DNase I (Sigma Aldrich) in RPMI 1640 (Gibco)] and incubated
in a shaker at 37°C for 30 minutes. Suspensions were then
strained through 40 um filters. Cells were washed in PBS and
used for flow cytometry.

Immunofluorescence Staining and Flow Cytometry
Analysis

Cells were pre-incubated with normal rat serum to block non-
specific staining, with or without R9F-dextramer-PE (Immudex,
Copenhagen, Denmark). Antibody cocktails were added, and cells
incubated at 4°C for 30 minutes. For intracellular staining, the
FoxP3/Transcription Factor Staining Buffer Set (eBioscience, San
Diego, CA, US) was used as per manufacturer’s instructions. The
following fluorochrome conjugated anti-mouse antibodies were
used: NK1.1 (PK136), CD11c (N418), CD3e (145-2C11), Tim-3
(RMT3-23), CTLA-4 (UC10-4F10-11), Lag-3 [eBioC9B7 W
(C9B7 W)], F4/80 (BMS), CD24 (30-F1 and M1/69), VISTA
(MIH64), GITR (DTA-1), CD27 (LG 3A10), TCRB (H57-597),
CD40 (3/23), CD137 (1AH2), ICOS (C398.4A), OX40 (OX-86),
CD68 (FA-11), CD45 (30-F11), CD19 (eBiolD3), CD8a (53-6.7),
CD4 (GK1.5), PD-1 (RMP1-30 and J43), CD11b (M1/70), PD-L1
(MIH5), Ki-67 (SolA16), granzyme B (NGZB), Eomes
(Danllmag), Tbet (04-46), IFN-y (GR20), TNF (MP6-XT22),
CD44 (IM7), CD62L (MEL-14), FoxP3 (MF23), CD25 (PC61),
IL-10 (JES5-16E3) - all purchased from BD Biosciences (Franklin
Lakes, NJ, US) and Invitrogen (Carlsbad, CA, US). A BD
LSRFortessa™ or BD FACSCelesta™ (BD Bioscience) was used
for the acquisition of flow cytometry data and analysis (including
tSNE analysis) was performed using FlowJo v10 (FlowJo, LLC,
Ashland, USA). All flow analysis of tumor-infiltrating cells gates
on CD45" cells first, and then gates on the subpopulations of
interest. Gates were set by the use of fluorescence minus one
(FMO) controls to take in account autofluorescence as well as



the spread of fluorescence from antibodies besides the specific
antibody of interest.”'~>*

IFN-y ELISPOT

IFN-y ELISPOT was performed as described previously.”
Briefly, mature dendritic cells (DCs) were generated by cultur-
ing bone marrow cells from naive C57BL/6 mice in complete
RPMI media [RPMI 1640 (Gibco) + 10% CCS, 2% penicillin/
streptomycin (Gibco), 2 mM L-glutamine (Gibco), 50 mM -
mercaptoethanol (Sigma Aldrich), and 5 mM HEPES buffer
(Gibco)] supplemented with murine GM-CSF (Peprotech,
Rocky Hill, NJ, US). DCs were loaded with 20 ug/mL peptides
(either R9F or irrelevant H2-D® peptide epitope WT-1156.134
[RMFPNAPYL peptide, R9L]) on day 7. Day 8 DCs were
resuspended in complete RPMI at 3 x 10° cells/mL and were
used as antigen presenting cells for ELISPOT of lymph node
cells.

Single-cell suspensions of the right (DPX draining) inguinal
lymph nodes were prepared in complete RPMI media and cell
concentration adjusted to 2 x 10° cells/mL. Lymph node cells
(100 pL) and DCs (100 uL) or 2 x 10° cells/mL C3 cells or
Panc02 cells (provided by Merck KGaA Darmstadt) (100 pL)
were added to ELISPOT plates coated with purified anti-IFN-y
capture antibody (BD Bioscience). The ELISPOT plate was
incubated overnight at 37°C, 5% CO, and then developed the
next day using AEC kit (Sigma Aldrich). Spots were counted
using a CTL ImmunoSpot® S6 Core Analyzer (C.T.L. Ltd,
Shaker Heights, OH, USA) and enumerated as number of spot-
forming units (SFU) per well.

IEN-y ELISPOT performed using splenocytes had the fol-
lowing modifications. Single-cell suspensions of splenocytes
were prepared by lysing RBCs with ammonium-chloride-
potassium solution and resuspending cells at 5 x 10° cells/mL
in complete RPMI media. A volume of 100 pL cells was added
into anti-IFN-y coated ELISPOT plate and stimulated with
100 pL complete RPMI containing: 20 pg/mL RIF or irrelevant
peptide RIL, 100 uL C3 cells or Panc02 cells, or no peptide
(background control).

Data analysis and statistical methods

Data were compiled and analyzed using GraphPad Prism 7 (La
Jolla, CA, USA) software. Statistical analysis was performed by
appropriate tests as described in the figure legends. Significance
is noted as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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