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Abstract

A substantial body of evidence suggests the existence of MUC1-specific antibodies and cytotoxic
T cell activities in pancreatic cancer patients. However, tumor-induced immunosuppression
renders these responses ineffective. The current study explores a novel therapeutic combination
wherein tumor-bearing hosts can be immunologically primed with their own antigen, through
opsonization with a tumor antigen-targeted antibody, mAb-AR20.5. We evaluated the efficacy of
immunization with this antibody in combination with PolylCLC and anti-PD-L1. The therapeutic
combination of mAb-AR20.5+anti-PD-L1+PolylCLC induced rejection of human MUC1
expressing tumors and provided a long-lasting, MUC1-specific cellular immune response, which
could be adoptively transferred and shown to provide protection against tumor challenge in human
MUCI1 transgenic (MUC.Tg) mice. Furthermore, antibody depletion studies revealed that CD8
cells were effectors for the MUC1-specific immune response generated by the mAb-AR20.5+anti-
PD-L1+PolylCLC combination. Multichromatic flow cytometry data analysis demonstrated a
significant increase over time in circulating, activated CD8 T cells, CD3*CD4~CD8~(DN) T cells,
and mature dendritic cells in mAb-AR20.5+anti-PD-L1+PolylCLC combination-treated, tumor-
bearing mice, as compared to saline-treated control counterparts. Our study provides a proof of
principle that an effective and long-lasting anti-tumor cellular immunity can be achieved in
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pancreatic tumor-bearing hosts against their own antigen (MUCL), which can be further
potentiated by using a vaccine adjuvant and an immune checkpoint inhibitor.

Précis
This study shows that administration of PD-L1 checkpoint blockade and PolylCLC boosts the

anti-tumor response produced by immunization with a tumor antigen-targeted antibody, and
provides long-lasting immunity against pancreatic cancer.
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Introduction

Recent investigations have provided evidence for immune activity against pancreatic cancer,
including the presence of specific protective antibodies and cytotoxic T cell activities in
pancreatic cancer patients [1-2], and some responses have been observed that are associated
with survival benefits in patients [3]. However, pancreatic tumors subvert these responses
through several immunosuppressive pathways. A number of strategies that tackle tumor-
derived immunosuppression have shown promise, including the use of anti-CD40 and
GVAX vaccines [4-5]. Though successful in establishing initial responses, the longer-term
results of these studies demonstrate the need for additional approaches to invoke and sustain
productive T cell and complementary anti-tumor immunity. Studies to block the effects of T
cell checkpoint and inhibitory molecules have failed as single agents in treating pancreatic
cancer, in part because of the lack of pre-existing intra/peri-tumoral T cells in these patients
[6-7]. Hence, there is an urgent need to identify and develop therapeutic modalities that can
induce and sustain efficient tumor-targeted cytotoxic T cell responses in pancreatic cancer
patients.

Murine monoclonal antibody mAb-AR20.5 (MslgG1), which recognizes the DTRPAP
sequence in human MUC1, has shown moderate activity in a small clinical trial for patients
with advanced adenocarcinoma [8]. The therapeutic efficacy of mAb-AR20.5 is mediated in
part by the formation of immune complexes with circulating or tumor-associated MUC1
antigen, which facilitates effective processing and cross-presentation of the MUC1 antigen
to T cells. Though specific anti-MUC1 responses were noted in mAb-AR20.5 treated cancer
patients, sustained anti-tumor activity was not observed. This led us to explore the capacity
of additional immune-modulators to amplify and sustain MUC1-specific immune responses
produced by administration of mAb-AR20.5. We investigated the anti-tumor efficacy of
administering mAb-AR20.5 in combination with anti-PD-L1 and PolylCLC, and observed
rejection of human MUCL1 expressing Panc02 (Panc02.MUC1) tumor cells in a significant
fraction of mice treated with mAb-AR20.5+anti-PD-L1+PolyICLC. There was evidence of a
sustained immune response in a second round of tumor challenge that was mediated by CD8
T cells. This is the first report demonstrating that mAb-AR20.5 in combination with anti-
PD-L1 and PolylCLC reduces tumor-associated immune suppression and promotes
sustained MUC1-specific cellular immune responses.
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Material and methods

Mice, cell lines and reagents

MUC1.Tg mice, immunologically tolerant to human MUC1, used for these studies were
obtained from the breeding colony at the University of Nebraska Medical Center [9]. All
animal studies were performed in accordance with the Institutional Animal Care and Use
Committee guidelines (IACUC). MAb-AR20.5 and PolylCLC were supplied by Oncoquest
Inc, and anti-PD-L1 (Clone, 10F.9G2) was purchased from Bio X cell (New Hampshire,
USA). Panc02.MUCL1, Panc02.Neo, KPC.MUC1 cells were prepared and maintained as
described [10].

Tumor challenge and antibody treatment

MUC1.Tg mice were challenged subcutaneously on the hind flank with 1x10°
Panc02.MUC1 tumor cells. Gemcitabine (30mg/kg; 60mg/kg and 100mg/kg) was
administered either alone (twice a week with one week rest) or in combination with mAb-
AR20.5 (50ug, treatment on 0, 5 and 7 days after the second gemcitabine dose) through
intraperitoneal injections (/.p). The anti-tumor efficacy of mAb-AR20.5 (50ug, at days 7, 17,
27 and 37) in combination with anti-PD-L1 (200ug, every 1 and 3 days after PolylCLC
injection) and PolylICLC (50ug, at days 8, 13, 18, 23, 28, 33, 38, 43) was evaluated in
MUC.Tg mice challenged subcutaneously or orthotopically with Panc02.MUC1 (1x106) or
KPC.MUC1 (1x10%) cells. Subsequently, mice were divided into 8 experimental and control
groups (n=8/gp) (saline control; anti-PD-L1; PolylCLC; mAb-AR20.5; anti-PD-
L1+PolylCLC; mAb-AR20.5+anti-PD-L1; mAb-AR20.5+PolylCLC; and mAb-
AR20.5+PolylCLC+anti-PD-L1). Tumor growth was monitored for 65 days. Tumor-free
mice (post 65 days) underwent a second round of challenge on opposite flanks with control
(Panc02.Neo) and MUC1-expressing (Panc02.MUCZ1) tumor cells. Post treatment, mice
were monitored for time-to-tumor progression (TTP) every 2-3 days. Tumor diameters (3/
tumor) were measured every 4 days for calculation of tumor volume (V=4/3*r*r3). Mice
were euthanized when tumors reached 1.2 cm diameter in accordance with IACUC
requirements.

Adoptive transfer and depletion studies

Immune cell depletion studies were performed using appropriate antibodies (anti-CD8, anti-
CD4, anti-NK) as described previously [1]. Also, splenocytes from tumor-free MUC1.Tg
mice were harvested post re-challenge and processed for adoptive transfer as previously
described [11].

Enzyme-linked immunosorbent assay for MUC1

Serum levels of MUC1 were determined by sandwich ELISA where mAb-AR20.5
(recognizing DTRPAP epitope) was used for capture and detection [42]. 96 well plates were
coated with mAb-AR20.5 (2.5 pg/ml) overnight at 4°C, then blocked with 3% BSA in PBS/
0.06% Thimoseral, followed by incubation with MUC1 standards or serum samples for 1hr
at RT. A 23-mer MUC1 peptide, E23 {synthesized by Biotools Inc. (Edmonton Canada)}
was used as MUC1 standard (units/ml) for ELISA. Post incubation, plates were washed and
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treated with mAb-AR20.5-biotin and detected by horseradish peroxidase (HRP)-conjugated
to streptavidin.

Immunofluorescence staining and flow cytometry

Spleen and tumor tissue were freshly harvested from tumor-bearing mice and processed for
histology and flow cytometry as described previously [12]. mAb-AR20.5-FITC was used for
detection of MUC1 in subcutaneous tumors. For flow cytometry staining of immune cells,
blood was collected through the submandibular vein in accordance with IACUC
requirements, processed for BD LSRII flow cytometer and analyzed by FlowJo software
TreeStar Version 8.8.7.

Proliferation and antibody-dependent cell-mediated cytotoxicity assay

Functional status of spleen- and blood-derived T cells was assessed from tumor free and
tumor-bearing mice by CFSE based proliferation assays as described previously [13]. ADCC
activity of mAb-AR20.5 was performed using murine splenic NK cells and analyzed as
previously described [42—-43].

Statistical analyses

Results

Time-to-tumor progression (TTP) was assessed using Kaplan-Meyer plots and analyzed by
the log-rank test (125 mm3 tumor volume was defined as a “detectable tumor” and an end
point for TTP curves). The difference in tumor volume and tumor growth between mice
groups was calculated using the two-tailed Student’s t-test and mixed model with random
animal effect test respectively. Flow cytometry data for immune subsets were analyzed using
two-way ANOVA (Bonferroni post-test adjustment for multiple measurements) in Prism 6
software (GraphPad). All the pvalues < 0.05 were considered significant.

The mAb-AR20.5 antibody in combination with gemcitabine prolongs survival of
Panc02.MUC1 tumor-bearing MUC1.Tg mice.

A phase | evaluation of mAb-AR20.5 antibody has shown promising results in an early
clinical trial of adenocarcinomas [8]; however, this antibody has not been evaluated for
treatment of pancreatic cancer. Thus, we sought to determine therapeutic efficacy of mAb-
AR20.5 alone or in combination with gemcitabine in MUC1.Tg mice, which are
immunologically tolerant to human MUCL, while otherwise having a fully competent
immune system. ELISA experiments revealed low levels of circulating MUCL1 in naive
MUCZ1.Tg mice, which increased significantly with progressive tumor burden (Fig.1a).
Circulating MUC1 levels above those found in normal control mice were detected as early
as 15-21 days after tumor cell implantation. Also, gemcitabine at a 60mg/kg dose
significantly reduced MUC1-expressing tumor growth (Fig.1b). In parallel, 60mg/kg and
90mg/kg doses were found to prolong the overall survival of Panc02.MUC1 orthotopic
tumor-bearing mice as compared to other groups (Fig.1c). However, at these doses
gemcitabine did not eliminate pancreatic tumors. Furthermore, we noted that administration
of mAb-AR20.5, 5 or 7 days after gemcitabine treatment resulted in a significant increase in
survival compared to other treatment groups (Fig.1d-f). Our data suggest that combination
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of mAb-AR.20.5+gemcitabine delivers a protective anti-tumor response and prolongs
survival of tumor-bearing MUC1.Tg mice.

Combination of mAb-AR20.5+anti-PD-L1+PolylCLC induces tumor immunity and rejection
of MUC1-expressing pancreatic tumors in MUC1.Tg mice.

Though therapy with gemcitabine and mAb-AR20.5 showed promising initial results, we did
not observe cures of tumors. Thus, we further explored whether the anti-tumor potential of
mAb-AR20.5 could be improved by the incorporation of adjuvants and checkpoint
inhibitors. The PD-L1-PD-1 axis regulates T cell inhibitory responses and controls
peripheral and central immune tolerance [14]. Blocking this interaction has led to better
cytotoxic T cell responses in several cancer models [15-16]. PolylCLC promotes Type |
IFNs and has been shown to produce effective antigen cross-presentation to cytotoxic T cells
in several /n vivo cancer models [17]. We explored whether MUC1-specific immune
responses, achieved through administration of mAb-AR20.5, could be amplified and
sustained by anti-PD-L1 and PolylCLC. (Fig.2a). Panc02.MUC1 cells were found to express
human MUC1 antigen and PD-L1 ligand on their surface (Fig.2b—c). We assessed the
efficacy of mAb-AR20.5 treatment alone or in combination with anti-PD-L1 and PolylCLC
by using a unique experimental design of tumor challenge and re-challenge with controls for
antigen specificity (Fig.2a). In three independent studies, we noted that 50% of mAb-
AR20.5+anti-PD-L1+PolylCLC-treated mice were tumor free for 70 days, as compared to
other treated groups (Fig.2d). Animals that did not fully reject tumors showed significant
delay in time-to-tumor progression and slower tumor growth in mAb-AR20.5+anti-PD-
L1+PolylCLC-treated mice (Fig.2d—e), supporting the hypothesis that this treatment
produced immune responses capable of restraining tumor growth.

mADb-AR20.5+anti-PD-L1+PolylCLC combination-treated mice display MUC1-specific
immune response in MUC1.Tg mice.

To examine the capacity of immunization with mAb-AR20.5+anti-PD-L1+PolyICLC
treatment to induce antigen specific responses including T cell memory, we performed re-
challenge experiment by implanting control (Panc02.Neo) and Panc02.MUC1 cells on
opposite flanks of animals that rejected tumors following immunization with mAb-
AR20.5+anti-PD-L1+PolylCLC. Previously unchallenged (control) MUC1.Tg animals
served as controls. A significant proportion of the mAb-AR20.5+PolylCLC+anti-PD-L1
treated mice exhibited antigen-specific rejection of Panc02.MUC1 upon re-challenge, but
did not reject Panc02.Neo control tumor cells (Fig.3a—b) demonstrating antigen specificity
of the anti-tumor response. Moreover, mice that failed to reject a second round of tumor
challenge with Panc02.MUC1 demonstrated significant delays in time-to-tumor progression
and slower growth rates of Panc02.MUC1 compared to Panc02.Neo tumors (p=0.0001,
Fig.3a-b). Panc02.Neo and Panc02.MUC1 cell lines exhibit indistinguishable growth rates
in vitro (Supplementary Figure 1) and hence delayed growth of Panc02.MUC1 tumor cells
in treated mice supports our hypothesis that these animals produced MUC1 specific immune
responses that restrained Panc02.MUCL1 tumor growth. In functional studies, splenocytes
from mAb-AR20.5+anti-PD-L1+PolylCLC-treated mice showed enhanced proliferative
responses to general stimulation (PMA/ionomycin) compared to controls, as reflected by
dilution of CFSE dye (Fig.3c). To further validate the antigen specificity of these responses,
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we examined whether MUC1-specific cellular immune responses could be adoptively
transferred into naive mice. Splenocytes (2x108 cells/100ul) from tumor-immune mice were
transferred through tail vein injection 2 days prior to tumor challenge (subcutaneous) in
healthy naive MUC1.Tg mice. We observed a significant delay and rejection of MUC1-
expressing tumor cells in a significant fraction of recipient mice (p=0.0143) (Fig.3d). Tumor
growth rates for mice that developed tumors were also decreased, though these differences
among groups did not achieve statistical significance because of the relatively low numbers
of animals examined in this study (data not shown).

mADb-AR20.5+anti-PD-L1+PolylCLC combination prolongs overall survival of KPC.MUC1
tumor challenged mice.

Our findings with Panc02.MUC1 were validated using a second more aggressive syngeneic
MUCL1 expressing pancreatic tumor cell line derived from KPC mice (KPC.MUCL cells),
which also expresses hMUC1 (data not shown) and PD-L1 (Supplementary Figure 2).
Immunization with mAb-AR20.5+anti-PD-L1+PolylCLC produced a significant delay in
time-to-tumor progression, slower tumor growth and significantly prolonged survival in both
subcutaneous and orthotopic tumor models as compared to control counterparts (Fig.4a—d).
These findings support the concept that the combination of mAb-AR20.5+anti-PD-
L1+PolylCLC produces an immune response against aggressive pancreatic tumors that can
restrain tumor growth and provide survival benefit.

Depletion of CD8 T cells abrogates anti-tumor effects of mAb-AR20.5+anti-PD-L1+PolyICLC
treatment in MUC1.Tg mice.

To define the key immune cells that mediate immune rejection of Panc02.MUCL1 tumors in
this model system, we evaluated anti-tumor responses of mAb-AR20.5+anti-PD-
L1+PolylCLC following depletion of CD8, CD4, or NK cells (Fig.5a). Depletion of CD8 T
cells reduced tumor immune responses induced by this combination therapy, as all mice
failed to reject Panc02.MUC1 tumors. CD8-depleted mice showed early and rapidly
progressing tumors as compared to other treatment counterparts (Fig.5 b,e). However, time-
to-tumor progression and tumor growth were comparable between CD4-, NK-depleted and
un-manipulated combination-treated MUC1.Tg mice (p values were not statistically
significant) (Fig.5c—e).

Increased levels of circulating activated CD8*, CD3*DN T cells and mature dendritic cells
in mAb-AR20.5+anti-PD-L1+PolylCLC combination-treated, tumor-bearing MUC1.Tg mice.

Results presented in the previous section encouraged us to investigate the phenotype of
circulating lymphocytes and myeloid cells after implantation of Panc02.MUCL1 tumors.
Combination-treated mice displayed progressive and significant increases in activated CD8*
(CD69*CD8 T cells and KLRG1*CD8 T cells) (p=0.0049), CD3*DN T cells (p=0.006), and
mature dendritic cells (p=0.003), compared to saline control counterparts (Fig. 6a—f,
Supplementary Figure 3). Additionally, functional assessment of CD3*DN T cell revealed
an effector phenotype (IFN-y* IL-2* CD3*DN T cells) in treated mice as compared to
control counterparts (IL-17* IL-2* CD3*DN T cells) (Supplementary Figure 4). In contrast,
other immune subtypes, including CD4 T cells and macrophages, were not significantly
affected in combination-treated mice (Supplementary Figure 5a-b). Interestingly, CD19*
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cells (B cells) showed a progressive increase in saline-treated control mice compared to
combination-treated mice (Supplementary Figure 5c).

Human MUCL1 expression in Panc02 tumors remains unchanged after re-challenge with
Panc02.MUC1 tumor cells.

To evaluate mechanisms of tumor escape from tumor immune responses in combination-
treated mice post re-challenge, we assessed MUC1 expression in the tumors that grew upon
re-challenge. We observed no significant alterations in MUCL expression in tumor post first
challenge (saline control mice) and second challenge (mAb-AR20.5+anti-PD-
L1+PolyICLC) in MUC1.Tg mice (Supplementary Figure 6a,b). These data suggest a
possible suppressive role of other immune cells or pathways in mitigating CD8 T cell-
mediated, protective immune responses in combination-treated mice. These results imply
that further inhibition of immune suppression may be of benefit.

Discussion

Due in part to its critical role in tumor progression, metastasis and chemo-resistance, MUC1
is regarded as an appropriate candidate for immunotherapeutic strategies for pancreatic
cancer. There have been numerous attempts to target MUC1 for immunotherapy; however,
these efforts met with only moderate success, in part because of the complexity and
immunosuppressive nature of tumor microenvironment [18-19]. Administration of mAb-
AR20.5 produced MUC1-specific immune responses in a small study of advanced cancer
patients. In the current study, we examined whether the addition of chemotherapy,
checkpoint inhibitors, and adjuvants could escalate and sustain MUC1-specific immune
responses against human MUC1-expressing tumors in MUC1.Tg mice.

MADb-AR20.5 produces a MUC1-specific immune response by forming immune complexes
with circulating or cell-bound MUCL, in part by deriving strong dendritic induction of cell-
mediated CD4 and CD8 T cell responses [20-22]. ADCC activity for mAb-AR20.5 has been
suggested in the past. Our /n vitro results here showed a moderate, though not statistically
significant, cytotoxic activity in CFSE-based ADCC assays (Supplementary figure. 7).
These data suggest the possible induction of ADCC dependent and independent pathways
against MUC1-expressing tumor cells by the mAb-AR20.5 in the /n7 vivo models examined
here. We investigated anti-tumor immune responses in a unique model system that includes
accurate temporal and spatial expression of the target antigen in normal tissues and
consequent immunological tolerance to human MUCL1 [9]. We detected increased levels of
circulating MUC1 15 days post subcutaneous tumor challenge in MUC1.Tg mice.
Therapeutic intervention with mAb-AR20.5 (in association with gemcitabine) as early as 7
days post tumor challenge reduced tumor growth and prolonged overall survival of
Panc02.MUC1 tumor-bearing mice. Our results were consistent with previous attempts to
combine gemcitabine with anti-MUC1 immunotherapy, which showed moderate anti-tumor
efficacy in mouse models of pancreatic cancer [23]. Data presented here support the concept
that careful selection of dose and schedule can allow gemcitabine to enhance circulating
levels of MUCL through cytotoxic effects on tumor cells, which we posited would enhance
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formation of antigen-antibody complexes and thereby amplify the anti-tumor response
produced by administering mAb-AR20.5.

Several lines of evidence suggest that passive immunization with anti-tumor antibodies can
initiate antigen-specific T cell response in tumor-bearing mice [24]. Efficient immune-
complex uptake, processing and cross-presentation of tumor antigen is a prerequisite for
productive anti-tumor immune response by T cells [25]. However, tumor-associated local
and systemic immunosuppression is predicted to manipulate initial and subsequent aspects
of antigen presentation and associated T cell activation. MHC-TCR interactions and co-
stimulatory signals promote T cell activation; however, signaling through inhibitory
receptors (PD-1/LAG-3/Tim3) subdues T-cell-associated immune responses, which tumors
use to evade anti-tumor immune control. Most therapies, including antibody-based
approaches, falter in maintaining a persistent adaptive immune response against tumor
antigens. PD-L1 status and density of tumor-infiltrating immune cell (TILs) directly
correlates with therapeutic efficacy of checkpoint inhibitor therapy [26]. Interestingly, TILs
are often not detected in pancreatic cancer, and clinical trials with checkpoint inhibitors have
thus far failed when deployed in the settings of locally advanced and metastatic pancreatic
cancer [2]. Partial responses for only 8% of patients were achieved with anti-PD-L1
(MEDI4736) in an ongoing trial for pancreatic cancer patients [4]. This has led some to
suggest that addition of an active specific immune stimulant (vaccination) improves TIL
activity in pancreatic cancer [27].

In this study we posited that opsonization of the host’s own tumor antigen through binding
of mAb-AR20.5 in combination with PolylCLC would result in activation of large pool of T
cells, whose anti-tumor activity could be further enhanced by removal of immune
suppression through treatment with anti-PD-L1. The anti-PD-L1 relieves tumor-mediated
immunosuppression on cytotoxic T cells and augments tumor-specific immune response in
tumor-bearing hosts [28-29]. PolylCLC assists in dendritic cell maturation and tumor
antigen presentation in murine models of cancer [30]. Tumor protective effects have been
described for anti-PD-L1 and PolyICLC combinations in pre-clinical models of melanoma,
lung, and colon cancer [31]. We hypothesized that mAb-AR20.5+PolylCLC+anti-PD-L1
combination would generate robust MUC1-specific immune responses and restrain
pancreatic tumor growth in MUC1.Tg mice. In support of this hypothesis, mAb-
AR20.5+PolylCLC+anti-PD-L1 combination induced immune-mediated rejection of
Panc02.MUC1 tumors in a significant fraction of mice, as compared to controls and other
groups. Importantly, several mAb-AR20.5+PolylCLC+anti-PD-L1 treated mice completely
rejected primary challenge (Panc02.MUC1) and then exhibited antigen-specific rejection or
delayed progression of a secondary challenge with Panc02.MUCL cells, but did not reject
antigen-negative control tumor cells (Panc02.Neo). These data strongly support the
hypothesis that this combination therapy activated antigen specific tumor immune
recognition in tumor-bearing MUC1.Tg mice that could be recalled upon a second round of
tumor insult. Furthermore we noted that MUC1-specific immune responses generated in the
mAb-AR20.5+PolylCLC+anti-PD-L1 treated mice could be adoptively transferred to confer
anti-tumor immunity on tumor- naive syngeneic mice. A similar robust anti-tumor immune
response was produced in mice bearing a more aggressive tumor cell line (KPC.MUC1) by
immunization with mAb-AR20.5+PolylCLC+anti-PD-L1, where treated mice displayed a
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delay in tumor progression and tumor growth as compared to saline-treated mice. Failure of
the mAb-AR20.5 combination to induce complete rejection of KPC tumor cells could be due
to the highly aggressive growth properties of this line, which may have allowed fast growing
KPC.MUCL1 tumors to “outrun” the developing immune response. It is also possible that
there are differences in the immunosuppressive milieu associated with these two tumor cell
lines. Nevertheless, we conclude that the mAb-AR20.5+PolylCLC+anti-PD-L1 combination
produced immune responses capable of restricting tumor growth against different pancreatic
tumor cell lines.

Next we investigated the cellular nature of immune response against Panc02.MUC1 tumor
cells and noted that depletion of CD8 (but not CD4 or NK) cells abrogated the anti-tumor
potential of the mAb-AR20.5+PolylCLC+anti-PD-L1 therapy. There was a commensurate
increase in peripheral activated CD8 T cells in mAb-AR20.5+PolylCLC+anti-PD-L1 treated
mice, suggesting a critical role for CD8 T cells as effectors of the observed MUC1-specific
immune responses. The development of CD8 T cell-dependent tumor immunity against
Panc02.MUC1 tumor cells in C57BL/6 mice has already been reported [32]. Our study also
demonstrated a progressive increase of activated CD3*DN T cells in mAb-
AR20.5+PolylCLC+anti-PD-L1 treated mice, which peaked at day 25. y6 T cells, and iNKT
cells are major constituents of the CD3*DN T cell fraction and have been recognized as
important immunotherapeutic candidates for treating cancer [33-35]. These cells are not
MHC restricted and are known to mediate ADCC with monoclonal Abs in different tumor
models [36]. Cytokine analysis of circulating CD3*DN T cells further support the
hypothesis that these have an effector phenotype in mAb-AR20.5+PolylCLC+anti-PD-L1
treated mice [44,45]. Perhaps these effector cells in association with CD8 T cells, may
contribute to tumor rejection in the tumor cells. This supposition is supported by the fact that
the CD3*DN T cell subsets are early players of tumor immune responses and regulates CD8
T cell function in virus models of immunity [37-38]. Also, of potential importance to
findings in this model system, is the possibility that some CD3*DN T cells (i.e., y& T cells)
can be co-stimulated directly by PolylCLC, which culminates in IFN-y production and
CD69 expression [39]. This lends support to our findings of increased rejection of
Panc02.MUC1 tumor cells in the mice treated with mAb-AR20.5+anti-PD-L1+PolyICLC
and mAb-AR20.5+PolylCLC as compared to other groups. The observation of reduced
tumor growth rates in CD8-depleted and mAb-AR20.5+anti-PD-L1+PolyICLC treated mice
suggests a possible role of these subsets in restraining initial Panc02.MUC1 tumor growth.
Though the current study was focused principally on CD3*DN T cells, future studies
characterizing this immune subtype should evaluate the potential of cross talk between the
CD3*DN T cells and classical CD8 T cells during the induction of MUC1-specific immune
responses. Supplemental to the observed alterations of frequency of CD8 and CD3*DN T
cells, it was notable that mature dendritic cells (CD11c* HLA-DR™) cells peaked at similar
time points in the peripheral circulation of mAb-AR20.5+PolylCLC+anti-PD-L1 treated
mice compared to control mice. Given the posited role of PolylCLC in boosting dendritic
cells maturation, this was not surprising, and further corroborates our hypothesis that mAb-
AR20.5+PolylCLC+anti-PD-L1 triggers both innate and adaptive immune responses against
MUC1-expressing tumors in mice. Interestingly, there were no significant changes in the
percentages of macrophages and CD4 T cells among different treatment groups. B cells,
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however, showed an inverse pattern in mAb-AR20.5 combination-treated mice: their
numbers peaked on day 25 in control saline-treated, tumor-bearing MUC1.Tg mice. This is
not surprising, considering the pro-tumorigenic and possible immunosuppressive role of B
cells in pancreatic cancer, where it regulates CD8 T cell migration and function [40]. Our
observation of decreased levels of B cells in mAb-AR20.5 combination-treated mice (as
compared to controls) suggests that these cells diminish CD8-mediated tumor rejection and
promote tumor growth and progression in saline-treated mice compared to mAb-AR20.5
combination-treated counterparts. Future studies are warranted to illuminate the exact
contribution of B cells or their subtypes in mitigating anti-tumor response in Panc02.MUC1
tumor-bearing mice.

In the present study, a fraction of mAb-AR20.5+PolylCLC+anti-PD-L1 treated, tumor-free
mice failed to completely reject a second round of Panc02.MUC1 tumor challenge (though
delays in tumor onset and reductions in tumor growth rates were observed). We investigated
the possibility that tumor cells escaped CD8 T cell-mediated immunosurveillance by
reducing MUCL expression during re-challenge studies (or that antigen negative variants
were selected). However, we observed moderate but not significant reduction in MUC1
expression in tumors after both the first (saline control group) and second challenges.
Interestingly, regulatory T cells (Tregs; Foxp3* CD4 T cells), important immunosuppressive
players, also remained indistinguishable in both saline and mAb-AR20.5 combination
treated mice (Supplementary Figure. 8). These data support the hypothesis that
immunosuppression (other than Tregs), immune exhaustion, or immune anergy
compromised tumor rejection in tumor re-challenge studies. Though CD3*DN T cells are
early responders in tumor-associated insults, they are rapidly turned over in circulation.
Perhaps the loss of PolylCLC activated CD3*DN T cells in re-challenged (70 days after first
challenge) mice compromised CD8 T cell-mediated tumor killing. Nevertheless, these mice
exhibited reduced tumor growth rates and delayed onset, which implies the persistence of
MUC1-specific immune response after re-challenge with Panc02.MUC1 tumor cells mAb-
AR20.5+PolylCLC+anti-PD-L1 treated mice.

In summary, our data support the hypothesis that multi-tier targeting of immune responses
by administration of appropriate adjuvants and blockade of checkpoint-based
immunosuppression together with administration of an antigen specific stimulus, in this case
mAb-AR20.5, produces efficient MUC1-specific immune responses that reject pancreatic
tumors. Furthermore our data serve as a proof of principle for future interventions with
different tumor antigens, and for future studies into the effects of dose and schedule of
chemotherapy in combination with this method of immunization. The overall strategy
investigated here (antibody-based opsonization of patients tumor antigen to prime immune
responses) has the potential to circumvent the problem of heterogeneity in tumor antigens
[41] that exist within individual patients and among different patients, because it seeks to
immunize patients with their own tumor antigens. These results support further investigation
of the mechanisms that underpin this method to produce immune responses and the
translation of this strategy into clinical trials for pancreatic cancer patients.

Cancer Immunol Immunother. Author manuscript; available in PMC 2020 March 31.
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Figure 1:

No. of days post challenge

mAb-AR20.5 in combination with gemcitabine prolongs survival of Panc02. MUCI tumor-
bearing MUC1. Tg mice. a Representative plot showing circulating levels of human MUC1
and corresponding tumor volumes in MUC1.Tg mice post orthotopic implantation of
Panc02.MUC1 tumor cells. Circulating MUC1 levels above normal were detected as early as
15-21 days post tumor cell implantation by ELISA (n=3 for each group). The MUCL levels
were compared between the two groups by performing a two-sample t test for each time
point. b Dose dependent effect of gemcitabine on the growth of Panc02.MUC1 tumor in
MUCZ1.Tg mice. Gemcitabine at 60mg/kg significantly reduced tumor growth over time,
(n=3/gp; p=0.04). c Kaplan—Meyer plots show dose-dependent effects of gemcitabine on
overall survival of Panc02.MUCL1 tumor-bearing MUC1.Tg mice. Statistically significant
differences in survival were observed for tumor-bearing MUC1.Tg mice treated with
60mg/kg gemcitabine compared to PBS treated mice (p=0.05). d-f Kaplan-Meyer plots
showing survival curves for tumor-bearing MUC1.Tg mice post treatment with PBS (7.0),
mAb-AR20.5 (/.p) and gemcitabine (7,0) or combination of mAb-AR20.5 and gemcitabine
using different schedules of treatment. For combination treatment, mAb-AR20.5 was
injected on the same day (d), 5 days post (p=0.01; combination vs. PBS) (€), or 7 days post
(p=0.02, combination vs. PBS, log-rank test) f), second dose of gemcitabine injection.
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Representative of experiments repeated twice (n=10/gp). The mixed effects model with
random mice effects was used to compare the tumor growth over time between groups after
accounting for the correlation among the measurements on the same mice.
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Figure 2:

504
O

— mAb-AR20.5+anti-PD-L1+
Poly ICLC

30 35 40 45 50 55
No. of days post challenge

mAb-ARZ20.5 in combination with anti-PD-L 1 and PolyICL C induces refection of
Panc02.MUC1 tumors in MUCI. Tg mice. a Diagrammatic representation of /n vivo
experimental design for subcutaneous pancreatic tumor challenge in MUCL1.Tg mice. b-c
Representative images show immunofluorescence staining for human MUCL1 (green),
nucleus (blue) (b) and PD-L1 (green) (c) in Panc02.MUC1 tumor cells. d Time-to-tumor
progression for different combination treatment groups receiving mAb-AR20.5, anti-PD-L1
and PolylICLC in MUCL1.Tg mice. e Tumor growth curves for mice treated with different
combinations of mAb-AR20.5, anti-PD-L1 and PolylCLC post Panc02.MUC1 tumor cell
implantation in MUC1.Tg mice. The results shown are representative of three independent
studies, p=0.0001; mAb-AR20.5 based combination vs. saline control. Representative
experiments were repeated thrice, (n=6/gp), p=0.0001; mAb-AR20.5 based combination vs.
saline control, log-rank test (TTP curves). The mixed effects model with random mice
effects was used to compare the tumor growth over time between groups after accounting for
the correlation among the measurements on the same mice.
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Figure 3:

mAb-AR20.5+anti-PD-L 1+PolylCL C combination-treated mice display MUC1 specific
immunity and refect re-challenged Panc02. MUC1 tumors in MUCI. Tg mice. a Time-to-
tumor progression curves following re-challenge with Panc02.Neo or Panc02.MUC1 tumors
for control or mice that rejected Panc02.MUC1 tumors following treatment with mAb-
AR20.5+anti-PD-L1+PolylCLC. b Tumor growth curves for Panc02.Neo and
Panc02.MUC1 tumors for control or mAb-AR20.5+anti-PD-L1+PolylCLC-treated mice
post second round of tumor cell challenge (p=0.0001) c Representative plot showing
proliferation of splenocytes as determined by CFSE-based proliferation assay of spleen cells
from saline-treated control and combination-treated MUC1.Tg mice that had rejected
tumors. The red peak shows mean fluorescence intensity (MFI) for CFSE-labeled
splenocytes on day “0” while the blue peak shows MFI for CFSE labeled splenocytes on day
4-post stimulation with PMA and ionomycin. d Representative plot showing time-to-tumor
progression for Panc02.MUC1 tumors in control (no cells) and immune cell recipient mice,
following adoptive transfer of immune cells from animals that previously rejected
Panc02.MUC1 tumors. Re-challenge experiments were repeated thrice (n=3-4/gp). Adoptive

transfer experiments were repeated twice (3 recipient mice/1 donor

mice splenocytes, n=6/

gp), long-rank test (TTP curves). The mixed effects model with random mice effects was
used to compare the tumor growth over time between groups after accounting for the

correlation among the measurements on the same mice.
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Figure 4:

mAb-AR20.5+anti-PD-L 1+PolylCL C combination treatment restrains tumor growth in
KPC.MUCI tumor-bearing Tg mice. a Time-to-tumor progression curve for saline control
and mAb-AR20.5 +Anti-PD-L1+PolylCLC treated KPC.MUCL1 tumor-bearing MUC1.Tg
mice. Black, green and red arrows represent time of therapeutic intervention with mAb-
AR20.5, PolylCLC and anti-PD-L1 respectively. b-c, Kaplan-Meyer survival curves (b),
tumor growth curves (c) for saline and mAb-AR20.5 +anti-PD-L1+PolyICLC treated
MUC1.Tg mice (subcutaneous tumor challenge, o value was not statistically significant for
tumor growth curves). The results shown are representative of 2 independent experiments
(n=6/gp). d, Kaplan-Meyer survival curves for different treatment post orthotopic tumor
(KPC.MUCY1) implantation in MUC1.Tg mice (n=8/gp, log-rank test for TTP and survival
curves).
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CD8 T cells are effectors of anti-tumor responses following mAb-ARZ20.5+anti-PD-
L1+PolylCLC combination in MUCI tumor-bearing transgenic mice. a Representative

FACS plots showing CD8, CD4 and NK cell depletion in MUC1.Tg mice spleen. b-d Time-
to-tumor progression (Panc02.MUCL1 tumor challenge) curves for animals treated with PBS
alone (control), or mAb-AR20.5+anti-PD-L1+PolylCLC-treated with or without CD8-
depletion (b), CD4-depletion (c), or NK cells-depletion (d). e Tumor growth curves for mice
treated with saline, mAb-AR20.5, anti-PD-L1 and PolylCLC or the indicated groups of
immune cell-depleted MUC1.Tg mice. Depletion experiments were performed once, (n=6/
gp), long-rank test (for TTP curves). The mixed effects model with random mice effects was
used to compare the tumor growth over time between groups after accounting for the
correlation among the measurements on the same mice.
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mAb-AR20.5+anti-PD-L 1+PolylICL C-treated mice display high numbers of circulating
activated CD8, CD3* DN T cell and mature dendritic cells (CD11ct HLA-DR"). a
Representative FACS plots for activated CD8 T cells at different days post-treatment with
saline or mAb-AR20.5+anti-PD-L1+PolylCLC for Panc02.MUC1 tumor-bearing mice. b
Histogram plot shows the frequency of activated CD8 T cells (p=0.049) in circulation at
indicated days post treatment with saline or mAb-AR20.5+anti-PD-L1+PolyICLC. c, e
Representative FACS plots for CD3*DN (gated on CD3, CD69) T cells (c) and mature
dendritic cells (gated on CD11b™ population) (€) for two mice at day 25 in the indicated
treatment groups. d, f representative histogram plot show the frequency CD3*DN T cells
(p=0.006) (d), and mature dendritic cells (p=0.003) (f), in the circulation at different days
post treatment with saline or mAb-AR20.5+anti-PD-L1+PolylCLC. (n=5/gp), two-way
ANOVA using the Bonferroni correction for multiple comparison.
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