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Abstract

Background Pancreatic cancer is a highly lethal malignancy often presenting with advanced disease and characterized by
resistance to standard chemotherapy. Immune-based therapies such checkpoint inhibition have been largely ineffective such
that pancreatic cancer is categorized as an immunologically “cold tumor”. In the present study, we examine the therapeutic
efficacy of a personalized cancer vaccine in which tumor cells are fused with dendritic cells (DC) resulting in the broad
induction of antitumor immunity.

Results In the KPC spontaneous pancreatic cancer murine model, we demonstrated that vaccination with DC/KPC fusions
led to expansion of pancreatic cancer specific lymphocytes with an activated phenotype. Remarkably, vaccination led to a
reduction in tumor bulk and near doubling of median survival in this highly aggressive model. In a second murine pancre-
atic model (Panc02), vaccination with DC/tumor fusions similarly led to expansion of tumor antigen specific lymphocytes
and their infiltration to the tumor site. Having shown efficacy in immunocompetent murine models, we subsequently dem-
onstrated that DC/tumor fusions generated from primary human pancreatic cancer and autologous DCs potently stimulate
tumor specific cytotoxic lymphocyte responses.

Conclusions DC/tumor fusions induce the activation and expansion of tumor reactive lymphocytes with the capacity to
infiltrate into the pancreatic cancer tumor bed.

Keywords Cancer vaccines - Pancreatic cancer - Dendritic cells

Introduction

Pancreatic cancer is a leading cause of cancer related
death (1, 2). Patients are characteristically diagnosed with
advanced stage disease such that surgical resection is often
not possible (2). In patients with localized disease, neoad-
juvant chemotherapy has demonstrated modest therapeutic
efficacy, but most patients succumb to disease progres-
sion due to the intrinsic resistance of pancreatic cancer to
cytotoxic therapy. Similarly, pancreatic cancer has been
described as a “cold tumor” due to the lack of efficacy of
immunomodulatory therapies, such as checkpoint blockade
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(3, 4). Pathologic evaluation of the tumor site demonstrates
a lack of tumor specific lymphocytes potentially due to poor
immunogenicity of the tumor, steric hindrance of T cell
migration into the tumor bed and the potential tolerizing
effect of the associated microenvironment (1, 5, 6).

A major area of investigation is the use of vaccine-based
therapy to stimulate the expansion and activation of pancre-
atic cancer specific lymphocytes (7, 8). Vaccine platforms
have targeted oncogenic proteins including K-ras, MUCI,
MUC4 and WT1 (9-13). A clinical trial testing mutant Ras
vaccine in 11 pancreatic cancer patients resulted in 92% of
the patients exhibiting an immune response but only 2 out of
11 with prolonged survival (10). Single antigen approaches
may demonstrate limited therapeutic efficacy due to the pres-
ence of tumor heterogeneity and the potential for immune
escape due to the emergence of antigen negative variants.
Targeting of mutationally derived neoantigens may be more
efficacious than shared tumor targets as they are less suscep-
tible to tolerance-based mechanisms. In addition, vaccine

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-022-03237-x&domain=pdf

302

Cancer Immunology, Immunotherapy (2023) 72:301-313

platforms that do not provide effective antigen presentation
may not result in sustained 7 cell activation.

We have pioneered a strategy for personalized cellu-
lar immunotherapy, in which patient specific hybridomas
are created by fusing primary tumor cells with autologous
dendritic cells (DC) (14-16). In this way, a broad array of
tumor antigens, including patient specific neoantigens, is
presented in the context of DC mediated co-stimulation. In
a phase II clinical trial, vaccination of patients with acute
leukemia resulted in the dramatic and durable expansion of
leukemia specific T cells in the peripheral blood and bone
marrow and the targeting of multiple shared leukemia asso-
ciated antigens. Of note, despite a median age of 63 in this
cohort of non-transplant eligible patients, 71% of patients
have remained in remission at 5 years of follow-up, and no
patients relapsed after the first 6 months of therapy (16).
Similarly, vaccination of patients with myeloma led to a near
doubling of the complete response rate following high dose
chemotherapy (14, 15).

In this study, we examined the capacity of the DC/tumor
fusion vaccine to induce a therapeutically effective immune
response targeting pancreatic cancer. In a spontaneous pan-
creatic cancer model that mimics human disease, we demon-
strate the DC/tumor fusions potently induce the expansion of
pancreatic cancer lymphocytes with an activated phenotype
resulting in a dramatic enhancement of survival. Similarly,
in the PANCO2 syngeneic immunocompetent model, we
demonstrate that vaccination elicits the expansion of anti-
gen specific T cells and results in the infiltration of T cells
into the tumor bed associated with reduction of disease bulk.
Finally, we have demonstrated that patient derived DC/pan-
creatic cancer fusions induce CTL responses targeted the
primary pancreatic cancer cells.

Results
Generation of DC/tumor fusions

We investigated the potency of the DC/tumor fusion vaccine
in two pancreatic cancer murine models: a spontaneous pan-
creatic cancer model (KPC) and subcutaneous tumor model
(Panc02). The KPC model is based on Cre-Lox mediated
conditional activation of mutant endogenous alleles of the
Kras and Trp53 genes in which an activating point muta-
tion (G12D) in Kras and a dominant negative mutation
inTrp53 (R172H) are conditionally activated in the mouse
pancreas (17). The KPC model recapitulates many of the
salient clinical and pathological features of disease evolution
in human disease including evolution from pre-malignant
ductal involvement, malignant transformation and metastatic
spread, and the relative absence of effector T cells in the
tumor bed.
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KPC cells were isolated from spontaneous murine tumors
and cultured in the presence of Matrigel to form organoid
like structures as described in methods. Tumor organoids
were dissociated after 2—-3 weeks to generate a single cell
suspension. Syngeneic DCs were generated by culture of
adherent bone marrow mononuclear cells with GM-CSF and
IL-4 for 1 week. Prior to fusing, KPC cells were stained
using red cell tracker live staining. DC/tumor fusions were
generated by coculture of tumor cells and DCs at a ratio
of (1:5) in the presence of PEG and fusion cells were iso-
lated by flow cytometric sorting of the cell population that
strongly expressed unique DC (CD86) and tumor (red cell
tracker) markers. Similarly, syngeneic DC/Panc02 fusion
cells were generated as outlined above using Panc02 cells
transduced with mCherry as a tumor marker. Fusion cells
were identified by dual expression of CD86 and mCherry
and isolated by flow cytometric sorting of the population
that strongly co-expressed the two surface markers (Fig. 1).

Impact of vaccination on tumor bulk and survival

KPC animals characteristically develop malignant disease
at 10-20 weeks after birth that is rapidly progressive result-
ing in death. KPC mice were assessed for the development
of spontaneous tumors by serial ultrasound imaging and
considered appropriate for vaccination once they had devel-
oped tumor size of at least 40 mm?. Based on this crite-
ria, ten mice were enrolled and randomized to vaccination
with 10° DC/tumor fusions subcutaneously or observation.
Animals were assessed for tumor bulk by serial imaging by
ultrasound (US) and monitored daily for survival based on
standard criteria for euthanasia based on tumor bulk and
symptoms. Remarkably vaccinated animals demonstrated
markedly improved survival as compared to the control
cohort (Fig. 2A). Vaccinated animals demonstrated sig-
nificantly slower tumor growth at day 10 and 25 follow-
ing tumor challenge as compared to untreated animals as
determined by serial US imaging (Fig. 2B, C). However,
eventually mice in both groups required euthanasia due to
pancreatic cancer progression and large tumor volumes.

Impact of vaccination with DC/KPC fusions on tumor
specificimmunity

The induction of tumor specific immunity was interro-
gated at time of sacrifice by quantifying the percent of
CD4 and CD8 splenocytes that express IFNy following
ex vivo exposure to syngeneic tumor lysate as determined
by multichannel flow cytometry. Vaccinated animals
demonstrated a marked increase in CD4 +and CD8+T
cells expressing IFNy as compared to control animals
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Fig.1 Process of DC/Panc02 fusions generation. Dendritic cells
(DC) were isolated from the bone marrow mononuclear cells har-
vested from C57BL/6 J mice cultured with IL-4 and GM-CSF for
5-7 days and fused with M-Cherry/Luciferase +syngeneic Panc02
cells in the presence of polyethylene glycol (PEG). Fusion cells were
identified as cells with strong coexpression of DC and tumor mark-

(Fig. 2D, E). Consistent with these findings, we demon-
strated that vaccination resulted in a significant increase
in antigen specific T cell activated cells as manifested by
the expansion of the CD8 + CD137 + population as com-
pared to control animals (Fig. 2F). Further analysis of the
CDS8 + compartment in vaccinated animals demonstrated
a relative increase in the CD44 +/CD62L- fraction in
contrast to control animals consistent with the vaccine
induced expansion of memory cells potentially better able
to maintain long term immunity (Fig. 2G).

DC/PANCO2 fusions elicit tumor specificimmunity
In vitro

We subsequently studied vaccine efficacy in a second
immunocompetent murine pancreatic cancer model
involving the Panc02 cell line. Coculture of DC/Panc02
fusion cells with syngeneic T cells elicited the expan-
sion of tumor specific cytotoxic T cells as determined by
the enhanced lysis of Panc02 tumor targets (20.95%) as
compared to unstimulated T cells (5.69%) in a standard
CTL assay (Fig. 3A, B) To further define tumor specificity
of the response we assessed the capacity of DC/Panc02
to induce the expansion of T cell recognizing the tumor
antigen, survivin, by tetramer analysis (18, 19). Coculture

|

Sorting for Fusions
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ers, CD86 and mCherry, respectively, and isolated by flow cytometric
sorting. Gating for the quadrants defining the fusion population was
based on integration of single staining for each marker and nega-
tive controls. To optimize the purity of the fusion cell population we
sorted on the cells that strongly co-expressed CD86 and mCherry

of syngeneic T cells with DC/Panc02 fusions resulted in
increased levels of survivin specific T cells while a simi-
lar expansion of CMV reactive T cells was not observed
(Fig. 3C, D).

Vaccination with DC/Panc02 fusions elicits tumor
specificimmunity in vivo

C57BL/6 J mice were inoculated with 5 x 10° luciferase/
mCherry Panc02 cells subcutaneously and a cohort of ten
animals subsequently underwent vaccination with 1 x 10°
DC/Panc02 fusions 24 h after tumor challenge. Control ani-
mals (N=10) underwent tumor challenge alone. Vaccination
of fusion cells isolated by flow cytometric sorting did not
result in the formation of subcutaneous tumors. At 14 days
after vaccination, five animals in each cohort were sacrificed,
splenic tissue was harvested, and the immune response of
the splenocyte derived CD4 and CDS T cell population was
isolated assessed via multichannel flow cytometric analysis.
Vaccination resulted in the significant expansion of tumor
reactive CD8 + (Fig. 4A, B; p=0.035) and CD4 + (Fig. 4D,
E; p=0.025) T cell populations as defined by the percent of
cells expressing IFNy following ex-vivo exposure to synge-
neic tumor lysate. Furthermore, vaccination led to significant
increase in antigen specific T cells, as detected by CD137
expression in both CD8 (Fig. 4C) and CD4 (Fig. 4F) T cells.
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«Fig.2 Vaccination with DC/KPC fusions results in improved sur-
vival, decreased tumor bulk, and expansion of tumor specific T
cells in animals developing spontaneous pancreatic cancer cells.
KPC mice developing spontaneous pancreatic tumors>40 mm? by
ultrasound imaging were enrolled and randomized to undergo vacci-
nation with DC/KPC tumor fusions (n=>5) as compared to observa-
tion (n=5). The mice were followed for survival and euthanized as
per criteria outlined above. A Survival curve of treated and control
KPC mice showing significantly longer survival for treated mice
compared to control mice. N=5, p<0.05. B Quantification of tumor
area for vaccinated and unvaccinated animals at enrollment, 10 and
25 days post-vaccination demonstrating decreased tumor size for vac-
cinated animals as compared to unvaccinated animals reaching sta-
tistical significance at 25 days post vaccination (p<0.01, n=5). C
Representative ultrasound scans demonstrating measurement of the
tumor at enrollment, and 10, 25, and 50 days post enrollment. D-E At
time of euthanasia, splenocytes isolated from vaccinated as compared
to control animals demonstrated a significant increase in intracellu-
lar IFN-y expressing in CD4 +and CD8 + T cells after ex vivo culture
with KPC tumor lysate. F-G Splenocytes isolated from vaccinated
as compared to control animals demonstrated a significant increase
in CD137 expressing CD8+T cells and CD8+T cells expressing
CD44 +/CD62L-. A representative flow cytometric analysis is pro-
vided

The impact of vaccination on disease bulk was assessed
over time using serial bioluminescent imaging for five ani-
mals in the treatment and control cohorts, respectively.
Vaccination resulted in a trend for reduced tumor burden
in the vaccinated animals group compared to control group
as defined by total flux recorded 10 days following tumor
challenge (Fig. 5A; p=0.12) Fig. 5B shows serial biolu-
minescence imaging of the tumors. Of note, after initial
marked attenuation of tumor growth following vaccina-
tion, accelerated growth of Panc(02 cells was observed and
no significant survival advantage was demonstrated after
vaccination in this highly aggressive pancreatic cancer
model.

DC/Panc02 vaccine treatment results in tumor
infiltrating lymphocytes

An important factor of immune escape in pancreatic cancer
is the relative absence of tumor specific lymphocytes in the
tumor bed. The Panco02 subcutaneous tumor model offers
a unique platform to assess the impact of vaccination on the
infiltration of T cells into the cancer microenvironment. In
the present study, animals underwent tumor challenge, vac-
cination and subsequent resection and pathologic examina-
tion of the site of subcutaneous tumor inoculation 3—4 weeks
later. The results were compared to that seen in the tumor
bed of control animals. Of note, tissue harvested from vac-
cinated animals demonstrated the infiltration of CD4 + and
CDS8 + T cells and the near absence of mCherry tumor cells
as determined by immunohistochemical staining and quanti-
fication of mean numbers of CD4 and CD8 tumor infiltrating

lymphocytes and scored in five regions of the tumor bed. In
contrast, control mice did not show evidence of CD4+T
cells and only minimal levels of CD8 lymphocyte infiltra-
tion within the population of M Cherry positive tumor cells
(Fig. 6, B).

Patient derived autologous DC/tumor fusions
induce tumor specificimmunity

To demonstrate the feasibility of vaccine generation in the
clinical setting, pancreatic tumor cells were obtained from
four patients that underwent surgery as a part of standard
of care therapy as provided by an IRB approved protocol.
Tissue specimen average volume was 0.3cm?®. Tumor tissue
underwent digestion by incubation with 10 pug/ml proteinase
K for 3 h at 37 °C and converted to a single cell suspension.
Tumor cells were identified based on immunocytochemi-
cal staining for cytokeratin and EPCAM. Of four samples
obtained, we demonstrated a median yield of 4 X 10° cells.
Autologous DCs were generated from patient derived adher-
ent mononuclear cells cultured for 1 week with GM-CSF
and IL-4 and then matured in the presence of TNFa. DC and
tumor cells were cocultured in the presence of PEG and DC/
tumor cells were identified by coexpression of DC (CD86)
and tumor (EPCAM, cytokeratin) markers (Fig. 7A).

The capacity of the patient derived DC/tumor fusions
to elicit tumor specific immunity was then interrogated.
Consistent with immune activation, fusion cells elicited
the expansion of CD8 + cells expressing IFNy (Fig. 7B, C).
Furthermore, DC/tumor cells fusions induced the expansion
of antigen specific T cells as quantified by the increase in
CD4 +and CD8 + cells expressing CD137 as compared to
unstimulated patient derived 7 cells (Fig. 7D, E). Most sig-
nificantly, DC/Tumor fusions potently induced tumor spe-
cific cytotoxicity as measured by tumor release of Granzyme
B in a standard CTL assay. Coculture of fusion cells and
autologous T cells resulted in an increase in tumor cell lysis
as compared to that observed with uneducated autologous
T cells (Fig. 7F).

Discussion

Pancreatic cancer remains a leading cause of cancer-related
death in the USA (17). A majority of patients present with
advanced disease, surgical options are limited, and efficacy
of systemic cytotoxic therapy is modest. In addition, there is
a growing appreciation of the role of the immunosuppressive
tumor microenvironment in promoting disease proliferation
and protection from immune surveillance (20).

While immune checkpoint therapy has been highly effi-
cacious in tumors with high mutational burden and intrin-
sic T cell response to neoantigens, pancreatic cancer has

@ Springer



306 Cancer Immunology, Immunotherapy (2023) 72:301-313
A Tumor cells + Tumor cells +
Tumor cells unstimulated T fusion-stimulated T 257
cells cells 2
103%C+ C++T] 30+ C++]| Cov CosT] ; 20—
2.84% 5.69% 20.95% <
E 2 m 15—+
102 ’ » 2
0| 101 C+- C-- C+- C-- C+- E' 10—
) o
N O 5
ol 10° =
5
10° 10" 102 10° 10° 10" 102 103 o 102 108 O T
= 10 10 107 107 10 Tumor Tumor cells Tumor cells +
Granzyme B Activity cells + fusion-
unstimulated stimulated T
T cells cells
c Unstimulated Fusion-stimulated D : : :
Unstimulated Fusion-stimulated
T Cells T Cells T Cells T Cells
103+, Ces i+ C++ 103, — e s D
0, o,
102, 2.09% | 1.10% - 2.08%| | 12.41%
101 3 101 :
g | ET -
£ C-- c b=
© 0.} 4
.s. 10 $ 10Y
4 [ = X
; T T T < T T - § D4~
3 10° 10" 102 103  10° 10" 102 103 ”;) 100 10° 10" 102 103
CD8 CcDs8

Fig.3 DC/Panc02 fusions elicit cytotoxic T lymphocyte (CTL)
responses and stimulate expansion of tumor antigen specific
T cells. Syngeneic T cells harvested from C57BL/6 J mice were
cocultured with DC/Panc02 at a ratio of 10:1. After 3-5 days T
cells were collected and further analyzed for CTL activity as com-
pared to unstimulated 7 cells. Fusion stimulated 7 cells as compared
to unstimulated 7 cells were also assessed regarding the percent of
CD8 cells specific to the survivin tumor antigen. A-B T cells cytol-
ytic capacity was quantified using the cytotoxic 7 lymphocyte (CTL)
assay, GranToxiLux. Target Panc02 cells were labeled and cultured
with fusion stimulated or control T cells in the presence of a fluoro-
genic granzyme B substrate which was quantified by flow cytometric

been characterized as a “cold” malignancy given the lack
of productive immunity generated with these agents. Early
clinical studies investigating safety and antitumor activity of
PD-1/PDL1 antagonists showed minimal activity (21). Simi-
lar findings have been reported from clinical trials testing
a combination of PD-L1 and CTLA-4 antagonists (21-25)
and with a trial combining PD1 blockade with a small mol-
ecule inhibitor of indoleamine 2, 3-deoxygenase (IDO) (26).
Recent studies examining combination strategies of immune
checkpoint blockade and chemotherapy did not demonstrate
clinical activity beyond what would be expected with chem-
otherapy alone (27-29). One explanation is that the majority
of tumors show 7 cell populations skewed toward regulatory
CD4 + T cells with minimal amount of effector CD8 + T cells
within the tumor site that are further suppressed by the regu-
latory cells (4). The lack of effector CD8 T cells infiltrating
into the tumor site is thought to arise from the absence of
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analysis. A representative flow plot and summary data (n=3) show-
ing increased killing of Panc02 cells by fusions stimulated T cells as
compared to unstimulated 7 cells is presented. C To assess expansion
of antigen specific T cells, the fusion stimulated and control T cells
underwent flow cytometric analysis using H-2 Db pentamer targeting
the tumor antigen, survivin, expressed on Panc02 cells. Cells were
stained with anti-CD8APC- Cy7 and murine survivin specific APC-
conjugated pentamers ATFKNWPFL or CMV specific PE—conju-
gated pentamers HGIRNASFI as a control. C-D Fusion stimulated 7
cells demonstrate expansion of survivin specific T cells as compared
to unstimulated T cells while CMV specific T cells are not selectively
expanded (n=3, p<0.05)

priming and activation of tumor specific lymphocytes and
steric hindrance to their penetration into the tumor bed due
to the dense tumor supporting stroma.

In the present study, we postulated that a potent tumor
vaccine capable of presentation of multiple tumor antigens
including neoantigens would effectively induce tumor spe-
cific immunity directed against pancreatic cancer resulting
in the infiltration of effector cells into the tumor bed and
blunting of disease, converting pancreatic cancer from a
“cold” to immune responsive malignancy. We interrogated
this hypothesis in a spontaneous pancreatic cancer model
that is thought to recapitulate many of the critical aspects
of evolution of disease in humans. The KPC mice are engi-
neered to have mutant Kras, and changes in CDKN2A,
P53, and DPC4/SMAD4 that are mutant in close to 90%
of patients (30-33). Vaccination with DC/KPC fusions
resulted in the expansion of tumor reactive lymphocytes
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Fig.4 Vaccination with DC/Panc(2 fusions results in increased T
cells expressing IFNy in response to syngeneic tumor lysate and T
cells expressing CD137. C57BL/6 mice were inoculated subcutane-
ously with 5x 10° luciferase/mCherry Panc02 cells and divided into
cohorts assigned to vaccination with 10° DC/Panc02 fusion cells or
observation 24 h after tumor challenge. Five animals in each cohort
were sacrificed at day 14 following vaccination. Splenocytes were
isolated by surgical resection and mechanical digestion, and then
cultured with 1 pl/ml Panc02 tumor lysate for 3 days. The percent

demonstrating antigen specificity and an activated pheno-
type including expansion of the memory compartment.
Most significantly, vaccination resulted in attenuation of
tumor growth and in improvement in survival in this model
which is characterized by rapid disease progression and
death.

Similarly, vaccination of animals with subcutaneous
tumor generated by the syngeneic Panc02 cell line resulted
in the induction of productive tumor specific immunity.
Furthermore, this model allowed for the evaluation of the
subcutaneous tumor bed which demonstrated increased
infiltration of CD4 and CD8 T cells after vaccination.
While substantial reduction in tumor bulk was observed
in the Panc02 model after vaccination, no statistically sig-
nificant survival advantage was observed in contrast to the
spontaneous pancreatic cancer tumors developed in the
KPC model. This difference in the effect of vaccination
on survival is potentially attributed to the subcutaneous
site of the PANCO2 tumor which resulted in ulceration

of CD4 and CD8 T cells within this population expressing IFN-y
in response to ex vivo exposure to Panc02 lysate was determined
by multichannel flow cytometric analysis. Similarly, expression of
CD137 by CD4 and CD8 cells was determined by multichannel flow
cytometry. Vaccination resulted in a statistically significant increase
(n=5, p<0.05) in the percentage of cells expressing intracellular
IFN-y"and CD137 compared to unvaccinated animals by CD8 A-C
and CD4 D-F as depicted as summary bar graphs and in representa-
tive flow cytometry blots

and requirement for euthanasia at lower tumor burden. In
addition, the biologic behavior of the immortalized Panc02
tumor cell line differs compared to more physiological
behavior of the pancreatic tumors developed in the KPC
model which recapitulates the behavior of spontaneously
arising disease in humans.

While vaccinated mice initially demonstrated significant
reduction in tumor bulk, all mice demonstrated disease pro-
gression and required euthanasia. Tumor resistance to vac-
cine mediated tumor specific immunity is likely multifacto-
rial. While expansion of pancreatic cancer specific T cells
following vaccination was observed, loss of T cell functional
competency may be associated with T cell exhaustion medi-
ated by the tumor microenvironment. Mediators of immune
suppression include upregulation of negative co-stimulatory
signaling. Consistent with this hypothesis, we have recently
demonstrated in an immunocompetent murine leukemia
model that vaccination in conjunction with checkpoint inhi-
bition efficiently enhanced the potency of the syngeneic DC/
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Fig.5 Tumor burden is decreased in mice DC/Panc02 fusions
treated with DC/Panc02 fusions as imaged using BLI. C57BL/6 J
mice were injected with 10% M-Cherry/luciferase transduced Panc02
cells subcutaneously. 24 h post inoculation cohorts of mice were
assigned to vaccination with 103 DC/Panc02 fusions subcutaneously
or control cohorts. Mice were followed by BLI imaging for tumor

Tumor fusion vaccine resulting in long-term survival in all
of the animals receiving combination therapy.

A significant challenge for designing effective immune
therapy for pancreatic cancer is overcoming steric hindrance
generated by the dense stromal layer surrounding the devel-
oping tumor bed. Of note, pancreatic tumors arising in the
KPC model demonstrate a layer of desmoplastic stroma at
the site of disease although not fully recapitulating levels
seen in patients.>! Therapeutic efficacy of agents targeting
the tumor stroma in combination with chemotherapy is being
investigated including IPI-926 that inhibiting the Hh sign-
aling pathway, calcipotriol targeting the tumor-associated
fibroblasts, and PEGPH20 ablating hyaluronic acid (34-38).
Targeting the tumor-stroma interaction as a component of
immune-based therapy represents a promising therapeutic
strategy against pancreatic cancer.

We have previously demonstrated efficacy of the DC/
tumor fusion vaccine in hematological malignancies includ-
ing acute myeloid leukemia and multiple myeloma (14, 15).
Patients undergoing vaccination demonstrate the durable
expansion of tumor reactive lymphocytes. In phase II study
of patients with AML at high risk of relapse, 71% of patients
remained in durable remission with a median follow up of
nearly 5 years (16). In a study of myeloma patients follow-
ing autologous transplant, vaccination with DC/MM fusions
resulted in a near doubling of complete response between
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burden (n=5 per cohort). A BLI imaging was analyzed to indicate
total flux at day 10 post-vaccination demonstrating a trend supporting
decreased tumor size in treated animals compared to control mice. B
Serial BLI images over time showing decreased tumor size in treated
mice compared to control mice with subsequent disease growth in
both cohorts

day 100 and 1 year post-transplant (14). These studies have
served as the basis for larger randomized trials that are cur-
rently being conducted including a multicenter trial in mul-
tiple myeloma involving 18 centers under the auspices of the
NHLBI/CTN cooperative oncology group. Vaccine produc-
tion has been shown to be highly feasible.

Translation of personalized cancer vaccine for pancreatic
cancer into the clinical setting presents several challenges.
The isolation of pancreatic cancer from resected tumor tis-
sue or biopsy specimens is complex given the heterogenous
nature of the samples and the presence of dense stroma. In
the present study, we demonstrated the successful genera-
tion of DC/tumor fusions from patient resected tumor sam-
ples and autologous DCs. DC/tumor fusions were charac-
terized by co-expression of unique DC and tumor antigens
and potently stimulated tumor specific CTL responses. The
current results serve as a basis for a planned clinical trial
for vaccination of patients with locally advanced pancreatic
cancer undergoing standard therapy.



Cancer Immunology, Immunotherapy (2023) 72:301-313

309

A

Control

Caspase 3

Vaccinated
with
Fusions

Caspase 3

Control e

Vaccinated
with
Fusions

Caspase 3

Fig.6 Cryosections indicating increased tumor infiltrating lym-
phocytes (TILs) in DC/Panc02 fusions treated mice compared to
control mice. Subcutaneous tumors were removed from a vaccinated
and control animal and tissue was fixed in 4% PFA. Cryosections
were prepared and stained for CD4 and CD8 positive cells (green),
caspase 3 (pink), and DAPI (blue). Tumor cells were identified by
staining for M-cherry (red). Cryosection of tumor removed from con-

Methods
Generation of DC/KPC fusions

KPC tumors were harvested from animals developing spon-
taneous pancreatic tumors generated through the crossing
of the LSL-KrasG12D (Jackson Laboratory, #008,179),
Trp53f1 (Jackson Laboratory, #008,462), and Pdx1-Cre
(Jackson Laboratory, #014,647) to generate KrasLSL-
G12D/ + ;Trp53fl/ +;Pdx1-Cre (KPC). The DC/KPC
fusions were generated as previously described (14-16).
Tumors from KPC mice were minced with No.22 blades into
1-2 mm fragments then digested with 1 mg/ml collagenase/
dispase (Roche) for 30—40 min. The digestion was stopped
by adding equal volume of 1%BSA in DMEM, then cen-
trifuged at 1500 rpm X 5 min. Pellets were further digested
with Accutase (Sigma) for 30 min then collected by centrifu-
gation at 1500 rpm X 5 min.

KPC cells were grown as organoids in an effort to pre-
serve the pattern of antigen expression. KPC cells were
resuspended in organoid growth medium containing
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trol mouse indicating a large percentage of tumor cells and relative
absence of tumor infiltrating CD4 A and CD8 B T cells. In contrast,
vaccinated animals demonstrated relative paucity of tumor with pres-
ence of infiltrating CD4 A and CD8 B T cells. Bar graphs depict the
percentage of CD4 TILs as quantified by the average value from enu-
meration of cells in five independent fields

Y-27632, 5% matrigel, and supplements: 0.5 pg/ml hydro-
cortisone, 10 pg/ml insulin, 100 ng/ml FGF2, 5 ng/ml EGF
and 1% B27. The suspension was seeded onto 6-well plates
pre-coated with matrigel. Culture media was replaced every
4 days. Organoids were passaged ever 12—14 days. At time
of vaccine production, single cell suspension of tumor cells
was generated by treatment with collagenase diluted in
RPMI (1 mg/ml) for 1.5 h and digestion with trypsin for
10-20 min. Tumor cells were labeled with live cell red
tracker to serve as a tumor marker.

Syngeneic DCs were generated from bone marrow mono-
nuclear cells harvested from the femurs of KPC mice and cul-
tured in media (RPMI, 10%FBS, 1% P/S) supplemented with
IL-4 (500 IU/ml) and GM-CSF (1000 IU/ml) for 5-7 days.
DCs were cocultured with KPC cells in the presence of PEG
for 1-3 min which was then progressively diluted with RPMI.
DC/Tumor fusion cells were identified as cells co-expressing
of DC (anti-CD86-Alexa-647) and tumor (red cell tracker)
markers and isolated via flow cytometric sorting. DC/Tumor
fusion cells were identified as cells co-expressing of DC
(anti-CD86-Alexa-647) and tumor (red cell tracker) markers
and isolated via flow cytometric sorting on BD FACSAria II
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Fig.7 Patient derived DC/tumor fusions induce the activation of
tumor specific T cell immunity. Autologous DC/tumor fusions were
generated from patient derived tumor cells obtained at time of surgi-
cal resection and DCs generated from peripheral blood mononuclear
cells. A Pictured are DC and tumor cells demonstrating expression
of CD86 (blue) and cytokeratin (red), respectively, and fusion cells
from two patients showing dual expression of CD86/cytokeratin. B
IFNy expression in CD4+and CD8+T cells cultured with fusions
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compared to unstimulated T cells as depicted in a representative flow
cytometry blot and as bar graphs showing summary data from four
patients. C CD137 expression in CD4 and CD8+ T cells as depicted
in a representative flow cytometry blot and as bar graphs showing
summary data from four patients. D CTL assay depicting increase
cytotoxicity of primary pancreatic cancer cells following culture with
fusion educated 7 cells as compared to unstimulated 7 cells
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multicolor cell sorter at the BIDMC Flow cytometry core facil-
ity. Gating for the quadrants defining the fusion population
was based on the integration of single staining for each marker
and negative controls. To optimize the purity of the fusion cell
population we sorted the cells that highly co-expressed unique
DC and tumor markers.

Vaccination of KPC mice with DC/KPC fusions impact
on tumor bulk and survival

KPC Mice were monitored by ultrasound using a Vevo 2100
Imaging System (VisualSonics) from 5 weeks of age and
were enrolled on study once 40mm? tumor were detectable
by ultrasound. At time of meeting criteria for study enroll-
ment, animals (n=35) were assigned to undergo vaccination
with 10° DC/KPC fusions injected subcutaneously or obser-
vation alone (n=35). Tumor bulk was quantified serially by
ultrasound performed every 5 days. Animals were monitored
for survival with euthanasia performed based on defined cri-
teria as per the institutionally approved protocol including:
(a) ulceration of skin-based tumors; (b) interference with
mobility and/or ability to acquire food or water; (c) debili-
tation, e.g., paralysis or general weakness; (d) labored res-
piration; (e) tumor burden exceeding 10% of normal body
weight; or (f) weight loss exceeding 20% of baseline body
weight.

Assessment of tumor specific immunity
following vaccination with DC/KPC fusions

Splenocytes were isolated following euthanasia by surgi-
cal resection and mechanical digestion and cultured with
1 pl/ml KPC tumor lysate (prepared with 10° cells/1 ml) for
3 days. T cells were pulsed with GolgiStop (1 pg/ml; BD
Pharmingen) for 4-6 h at 37 °C then labeled with CD4-BV
and CD8-APC-Cy7. Permeabilization with Cytofix/Cytop-
erm (BD Pharmingen) containing formaldehyde and saponin
was performed for 30 min at 4 °C. Cells were washed twice
in Perm/Wash solution and incubated with PE-conjugated
IFN-y (Invitrogen, Camarillo, CA) or a matched isotype
control for 30 min. Cells were washed in 1 X Perm/Wash
solution prior to analysis.

CDS8 T cells exhibiting. an activated phenotype via anti-
gen recognition or effector memory profile were quantified
by determining the percentage of CDS cells that expressed
CD137 and CD44 4 /CD62L-, respectively, by multichan-
nel flow cytometry. Cells were incubated with FcR blocking
reagent (Miltenyi, Bergisch Gladbach, Germany) for 10 min
at room temperature followed by anti-CD62L APC (BD
Pharmingen), anti-44-PE (BD Pharmingen), anti-137- PE
(BioLegend, San Diego, CA), anti-CD8-APC-cy7 (BioLe-
gend, San Diego, CA) or appropriate isotype control. The
data were obtained using FACS Gallius (BD Biosciences,

San Jose, CA, USA). Kaluza software (Beckman Coulter,
Brea, CA) was used to analyze the obtained data.

Assessment of cytotoxic Tlymphocyte killing
and expansion of tumor antigen specific T cells
following in vitro stimulation of syngeneic T cells
with DC/Panc02 fusions

DC/Panc02 fusions were generated as outlined above.
Briefly, the murine pancreatic cancer cell line Panc02 was
transduced with luciferase/mCherry using a lentiviral vec-
tor (pCDH-EF-eFFLy-T2A-mCherry) (kindly provided by
Prof. Irmela Jeremias) to serve as a tumor marker. DCs were
generated from bone marrow mononuclear cells harvested
from the femurs of C57BL/6 J mice as described. DCs were
cocultured with Panc02 cells in the presence of PEG. DC/
Tumor fusion cells were identified as cells co-expressing of
DC (anti-CD86-Alexa-647) and tumor (mCherry) markers
and isolated via flow cytometric sorting as outlined above.
Syngeneic T cells harvested from C57BL/6 J mice were
cocultured with DC/Panc02 at a ratio of 10:1 for 3-5 days.

T cells cytolytic capacity was quantified using the cyto-
toxic T lymphocyte (CTL) assay, GranToxiLux (Oncolm-
munin, Inc), according to manufacturer’s instructions. Target
Panc02 cells were incubated in APC-labeled phosphate-
buffered saline (PBS) (1 ul of reconstituted TFL4 in PBS
at 1:3000 ratio) at 10° cells/ml for 30 min at 37 °C. Labeled
cells were washed twice in PBS. Fusion stimulated or con-
trol T cells were co-incubated with labeled target cells in the
presence of a fluorogenic granzyme B substrate for 1 h at
37 °C. Prior to analysis cells were washed in washing buffer.
Dead target cells were identified through dual staining for
granzyme B and APC label. As a negative control, granzyme
B positive tumor cells not co-incubated with 7 cells were
quantified. The data were analyzed using FACS Gallius (BD
Biosciences, San Jose, CA, USA). Kaluza software (Beck-
man Coulter, Brea, CA).

To assess expansion of antigen specific T cells, the fusion
stimulated and control T cells underwent flow cytometric
analysis using H-2 Db pentamer targeting the tumor antigen,
survivin, expressed on Panc02 cells. Cells were stained with
anti-CD8APC- Cy7 and murine survivin specific APC-con-
jugated pentamers ATFKNWPFL (Prolmmune, Inc; Sara-
sota, FL, USA). CMV specific PE—conjugated pentamers
HGIRNASFI (Prolmmune, Inc; Sarasota, FL., USA) were
used as control. Percent of pentamer positive CD8 T cells
was assessed using multichannel flow cytometry.
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Assessment of tumor specificimmunity, tumor bulk
and survival following in vivo vaccination with DC/
Panc02 fusions

Wild type C57BL/6 mice (Jackson Laboratory) were inoc-
ulated subcutaneously with 5x 10° luciferase/mCherry
Panc02 cells. Cohorts of mice (n=10 per cohort) were
assigned to treatment with 10° DC/Panc02 fusion cells via
subcutaneous injection or observation 24 h after tumor chal-
lenge. Five animals in each cohort were sacrificed at day 14
following vaccination. Splenocytes were isolated by surgical
resection and mechanical digestion, and then cultured with
1 ul/ml Panc02 tumor lysate (prepared with 10° cells/I1 ml)
for 3 days. The percent of CD4 and CD8 T cells within this
population expressing IFN-y in response to ex vivo expo-
sure to Panc(2 lysate was determined by multichannel flow
cytometric analysis as described above. Similarly, expres-
sion of CD137 by CD4 and CD8 cells was determined by
multichannel flow cytometry. The remaining mice (n=>5 per
cohort) were followed for disease development and tumor
burden using serial bioluminescence imaging (BLI) and sur-
vival with indications for euthanasia outlined above.

Assessment of tumor infiltrating lymphocytes
in the following vaccination with DC/Panc02 fusions

Infiltration of CD4 and CDS T cells into the subcutaneous
Panc02 tumor bed was assessed after vaccination and in
the control animal population. Tumor tissue was resected
from euthanized animals and fixed in 4% PFA for 24 h and
sucrose solution for 24 h to maintain tumor florescence.
Tumor tissue was embedded in OCT before freezing and
cut in sections to enable staining. Staining for CD4 + and
CDS8 + cells penetrating the tumor bed was done for treated
and control samples. Cryosections were prepared in which
staining for CD4 or CD8 positive cells (green), caspase 3
(pink), and DAPI (blue). Tumor cells were transduced to
express M-cherry and stained accordingly (red). T cell infil-
tration was quantified and scored in five independent fields
and compared between the vaccinated and control animals.

Generation of DC/pancreatic fusions from patient
derived samples

Patient tumor samples were obtained from four patients
undergoing primary tumor resection as part of standard
or care therapy according to an approved IRB protocol.
The average volume of the tumor samples was 0.3cm?2.
The sample was mechanically digested using a scalpel and
was incubated at 37 °C in PBS supplemented with 10 pg/
ml proteinase K (Sigma). After 3 h the incubated samples
were pipetted with a 10 ml pipette for at least five times.
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Cells were collected and washed in complete media (RPMI,
10%FBS, 1%P/S). Cells viability was quantified using
Trypan Blue. Tumor cells were identified by immunocyto-
chemical staining for cytokeratin and EPCAM.

Autologous DCs were generated from patient derived
peripheral blood adherent mononuclear cells cultured for
1 week in complete media supplemented with GM-CSF
(1000 IU/ml) and IL-4 (500 IU/ml) followed by 2 days of
culture in complete media supplemented with GM-CSF
(1000 IU/ml), IL-4 (500 IU/ml), and TNFa (2750 IU/ml) to
achieve DCs maturation. Mature DCs and autologous tumor
cells were fused in the presence of PEG as described earlier.
Percent of fusion was assessed by identifying dual labelling
of DCs (CD86) and tumor (EPCAM, cytokeratin) markers
using immunocytochemical staining.

Primary DC/pancreatic cancer fusions were cocultured
with autologous T cells at a 1:10 ratio for 3-5 days in com-
plete media supplemented with IL-2 (10UI/ml) and func-
tional assessments were performed. T cells activation was
quantified by measuring intracellular IFN-y expression by
CD4 and CD8 T cells by intracellular flow cytometric analy-
sis as outlined above. Similarly, antigen specific responses
were interrogated by expansion of CD4 and CD8 T cells
expressing CD137. Finally, CTL response targeting primary
autologous pancreatic cancer cells was determined using the
standard Granzyme release assay in which patient derived
tumor cells were incubated in APC-labeled phosphate-
buffered saline (PBS) and then cocultured with the vaccine
stimulated or control T cells as outlined above.

Statistics

All statistical analysis between two groups was preformed
using two tailed T test when p <0.05 was considered sig-
nificant. For all bar graphs data represents mean + SEM.
Survival statistics was performed using the Wilcoxon test
(p <0.05 was considered significant. All statistical analysis
was performed using Prisma software.
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