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ABSTRACT

Tumor involvement of major vascular structures limits surgical options in pancreatic adenocarcinoma
(PDAQ), which in turn limits opportunities for cure. Despite advances in locoregional approaches, there is
currently no role for incomplete resection. This study evaluated a gelatinized neoantigen-targeted vaccine
applied to a grossly positive resection margin in preventing local recurrence. Incomplete surgical resec-
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tion was performed in mice bearing syngeneic flank Panc02 tumors, leaving a 1 mm rim adherent to the Pancreatic adenocarcinoma;
muscle bed. A previously validated vaccine consisting of neoantigen peptides, a stimulator of interferon immunotherapy;

genes (STING) agonist and AddaVax™ (termed PancVax) was embedded in a hyaluronic acid hydrogel and
applied to the tumor bed. Tumor remnants, regional lymph nodes, and spleens were analyzed using
histology, flow cytometry, gene expression profiling, and ELISPOT assays. The immune microenvironment
at the tumor margin after surgery alone was characterized by a transient influx of myeloid-derived
suppressor cells (MDSCs), prolonged neutrophil influx, and near complete loss of cytotoxic T cells.
Application of PancVax gel was associated with enhanced T cell activation in the draining lymph node
and expansion of neoantigen-specific T cells in the spleen. Mice implanted with PancVax gel demon-
strated no evidence of residual tumor at two weeks postoperatively and healed incisions at two months
postoperatively without local recurrence. In summary, application of PancVax gel at a grossly positive
tumor margin led to systemic expansion of neoantigen-specific T cells and effectively prevented local
recurrence. These findings support further work into locoregional adjuncts to immune modulation in
PDAC.

neoantigen; vaccine;
hydrogel; surgery

Introduction

Pancreatic adenocarcinoma (PDAC) is projected to be the sec-
ond leading cause of cancer deaths by 2030." As with most solid
tumors, the only curative intent treatment paradigm involves
complete tumor resection. However, at least 30% of patients
present with unresectable local disease, involving critical vascu-
lar structures for which excision is associated with major
morbidity.>> Given the operative risk combined with the risk
of early recurrence, the majority of these patients will not pro-
ceed to surgery and are thus ineligible for curative intent therapy.

Advances in locoregional therapies have led to innovative
strategies to address locally advanced PDAC (LAPC). These
include various forms of intraoperative radiotherapy and irre-
versible electroporation, both of which have been employed
when a threatened margin is anticipated.*> While conceptually
promising, these strategies rely on some degree of selective tissue
damage that large blood vessels will theoretically tolerate.
However, despite the availability of these tools for over a decade,

concerns over safety and efficacy have limited widespread appli-
cation. Taken together with conflicting evidence regarding exter-
nal beam radiotherapy and outcomes, it is safe to conclude that
locoregional control remains an elusive goal in LAPC.

The development of immune checkpoint blockade heralded
unprecedented advances in immune modulation for cancer
therapy. The anchor of this innovation remains rooted in
systemic therapy, typically incorporating new systemic combi-
nations with conventional locoregional approaches. However,
the implantation of an immunomodulatory agent during sur-
gery remains largely unexplored. Here, we leverage our exten-
sive experience with a pancreatic cancer vaccine to evaluate
whether local implantation in a long-acting form might have a
role after incomplete tumor resection.®”® The vaccine compo-
nents, termed PancVax, were selected after an extensive opti-
mization process involving both the Panc02 neoantigen
repertoire and accompanying adjuvants.® Here, we
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demonstrate that the components of PancVax can be safely
implanted as a hyaluronic acid hydrogel during surgery.
Further, the application of PancVax gel to a grossly positive
tumor margin effectively prevented local recurrence and was
associated with systemic expansion of neoantigen-specific T
cells.

Materials and methods

Cell culture. The murine Panc02 cell line” was maintained in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supple-
mented with 10% fetal bovine serum (FBS, Gemini Bio
Products), 1% L-glutamine (Gibco) and 0.5% Penicillin/
Streptomycin (Gibco) at 37°C with 10% carbon dioxide. Cells
were confirmed to be free of mycoplasma prior to experimen-
tation (IDEXX BioAnalytics). Prior to animal injections, cells
were suspended with trypsin, counted, and centrifuged. Cells
were then resuspended at a concentration of 10 million cells/
mL in 50% Matrigel (Corning) and 50% basal media.

PancVax gel generation. Panc02 neoantigens were pre-
viously identified and narrowed to 12 consistently immuno-
genic 20-mer peptides.® Peptides were synthesized by Peptide
2.0 at 95% purity. Lyophilized peptides were dissolved in
DMSO at 50 mg/mL and stored at —80°C. HyStem® thiol-
modified hyaluronan hydrogel kits (Advanced BioMatrix)
were used to generate 300 pL gels allowed to set into a disc
shape using sterile 1 cm cloning wells sealed to cell culture
plates with sterilized silicone grease. Control gels consisted of
200 pL Glycosil®, 50 uL Extralink® and 50 pL sterile water. In
place of sterile water, PancVax gels contained 100 pg 2'3’-c-
diAM(PS)2(Rp,Rp)  (Invivogen), 50 uL AddaVax™
(Invivogen) and 50 pg of each of the twelve neoantigen pep-
tides. Adjuvant selection was also previously optimized in a
flank model of Panc02.® Reagents were mixed into suspension
and allowed to set at room temperature for 2 hours.

Animal experiments. Animal experiments were approved by
the Animal Care and Use Committee (ACUC) at Johns
Hopkins University and conformed to all ACUC safety guide-
lines. Male 6-week-old C57BL/6 mice were purchased from
Jackson Laboratories. Two million Panc02 cells were injected
into the subcutaneous tissue overlying the right flank. Tumors
were allowed to grow to 1 cm in maximum diameter. At the
time of initial resection, an incision was made parallel to the
right hindlimb overlying the flank. Tumors were dissected
bluntly from the overlying skin and exposed completely
down to the muscle. Subcutaneous dissection was kept to a
minimum to avoid a large pocket of potential space. Tumors
were transected sharply, leaving a 1 mm thick remnant
attached to the muscle bed. Hemostasis was achieved with a
combination of pressure and cautery. Control or PancVax gels
were implanted into the subcutaneous pocket overlying the
tumor remnant. The skin was closed with a combination of
3-0 absorbable sutures in a horizontal mattress fashion and
surgical clips. At 1, 3, 5, 7, 14 and 60 days postoperatively, the
surgical scar was re-explored and the tumor remnant excised
with a rim of underlying flank muscle. The right inguinal
lymph node and spleen were removed as well. Mice were
then euthanized, such that each mouse provided data for a
single time point in the postoperative period. Experiments

evaluating PancVax gel were repeated for each group at both
7 and 14 days. For mice undergoing resection with 2 cm
tumors, two mice in each group were found to have disease
with significant involvement of intraperitoneal structures, pre-
cluding safe resection. The analysis was therefore carried out
with only 3 mice in each group when tumors regrew to the
endpoint size of 2 cm, which occurred on postoperative day 10.

Histology. Murine tumor samples were formalin-fixed and
paraffin-embedded by the Johns Hopkins University Oncology
Tissue Services. Representative slides were sectioned and
stained with hematoxylin and eosin by the Johns Hopkins
University Oncology Tissue Services and reviewed by a pathol-
ogist experienced in pancreatic disease (EDT).

Flow cytometry. Tumor remnants with surrounding muscle
tissue and the right inguinal lymph node basin were separately
dissociated into single-cell suspensions using mouse tumor
dissociation kits and gentleMACS™ Dissociators according
to the manufacturer’'s protocol (Miltenyi Biotec).
Erythrocytes were lysed using ACK Lysing Buffer (Gibco).
Single-cell suspensions were stained with one of five optimized
panels focusing on NK cells, neutrophils/monocytes, macro-
phages, B cells and T cells. Cells were incubated with conju-
gated antibodies in FACS buffer (5% fetal bovine serum in
phosphate-buffered saline) for one hour at 4°C. Cells were
then washed three times and resuspended in FACS buffer
with SYTOX"™ Blue (Life Technologies). Cytometry was per-
formed with the CytoFLEX platform (Beckman Coulter).
Compensations were set using AbC'™ Total Antibody
Compensation Bead Kit (Life Technologies). Data were ana-
lyzed using FlowJo version 10. Antibodies included the follow-
ing: FITC conjugated to CD11b and CD3; PE conjugated to
NK1.1, Ly6C, F4/80, CD86, and CD137; PerCP-Cy5.5 conju-
gated to CD69, CD19, and CD45; APC conjugated to NKp46,
Ly6G, CD40, CD11c, and CD8; PE-Cy7 conjugated to MHCII
and PD1; APC-Cy7 conjugated to CD45 and CD4. All anti-
bodies were specific to mouse antigens and purchased from
BioLegend.

NanoString. RNA was isolated from formalin fixed, paraffin-
embedded tissue samples from mice one week after resection
and gel implantation using the AllPrep DNA/RNA FFPE Kit
(QIAGEN) per the manufacturer’s protocol. RNA was then
analyzed using the Agilent TapeStation 4200, yielding the
RNA integrity number (RIN) value and concentration. RIN
values were used as inputs into the NanoString FFPE RNA
calculator to estimate percentage length. Gene expression ana-
lysis was then performed using the nCounter Mouse
Immunology Panel. Counts were processed using the
nCounter Digital Analyzer and nSolver Analysis Software 4.0.
Cell type profiling was performed using methods from
Danaher et al.' P values were adjusted for false discovery
rates using the Benjamini-Yekutieli method.

Enzyme-linked —immune absorbent spot (ELISPOT).
Splenocytes were harvested from mice treated with PancVax
gels after incomplete tumor resection on postoperative day 14.
Single-cell suspensions were generated by a combination of
mechanical lysis and passage through a 40 um filter.
Erythrocytes were lysed using ACK Lysing Buffer. CD4" and
CD8" T cells were isolated separately using EasySep' ™ Mouse
CD4" and CD8" T «cell isolation kits (STEMCELL



Technologies), respectively, according to the manufacturer’s
protocol. Five mice from each treatment group were analyzed
and T cells were pooled between groups. Multiscreen 96-well
filter plates (EMD Millipore) were pre-coated at 4°C for
16 hours with 100 pL per well of 10 ug/mL anti-mouse inter-
feron-y (IFNy) (Clone AN18, Mabtech). Six technical repli-
cates were performed for each peptide/MHC combination. 10°
T cells were added to each well followed by 10°> T2 antigen
presenting cells (APCs) after pulsing the APCs with 2.5 pg/mL
of the indicated peptide. T2 APCs were transfected with either
H2-K°, H2-D® or H2-AP. Peptides were pulsed with corre-
sponding T2 APCs according to previously established
reactivities.® After incubation for 18 hours, cells were discarded
and plates were washed. 10 pg/mL biotinylated anti-mouse
IFNy (Clone R4-6A2, Mabtech) was added to each well for
two hours. 3-Amino-9-Ethylcarbazole (AEC) substrate was
added for 15 minutes before the reaction was stopped with
water. Plates were allowed to sit for one day to dry and counted
using an automated ELISPOT reader (ImmunoSpot).

Statistical analysis. Data were analyzed using GraphPad
Prism version 8. Groups were compared using 2-tailed, inde-
pendent samples Student’s ¢ tests. Statistical significance was
considered for P < .05.

Tumor
Remnant

ONCOIMMUNOLOGY €2001159-3

Results

Development of an incomplete tumor resection model. A model
of tumor resection with a grossly positive margin was devel-
oped using Panc02 flank tumors. Subcutaneous injections were
chosen to minimize any trauma from tumor implantation. Ata
maximum diameter of 1 cm, tumors were resected to a 1 mm
rim of tissue along the muscle bed. Control hydrogels were
implanted into the tumor bed and skin flaps closed primarily
(Figure la). Consistent patterns of tumor regrowth were
observed postoperatively, with the development of consider-
able edema and granulation tissue surrounding the operative
site (Figure 1b). Histology confirmed the presence of the
hydrogel adjacent to the tumor (Figure 1c) as well as tumor
invasion into surrounding muscle and granulation tissue
(Figure 1d).

The postoperative immune microenvironment in response to
operative trauma and residual tumor. Little is known regarding
the evolution of the post-resection immune microenvironment
at the site of a positive margin. To better define this, the
infiltrating immune landscape at the tumor margin was ana-
lyzed in mice implanted with control hyaluronic acid hydrogels
after incomplete resection. Expected changes in immune cell

Figure 1. Experimental model of incomplete tumor resection. (a) (Left to right) Panc02 flank tumors were allowed to grow to 1 cm in diameter prior to incomplete
resection, leaving a 1 mm rim of tumor on the muscle bed (arrow). A hyaluronic acid hydrogel disc (inset) was implanted adjacent to the tumor bed and the wound
closed with sutures and clips. (b) (Left to right) Tumors and surrounding granulation tissue were excised on postoperative day 3, 5 and 7. (Far right) Dissection of the
tumor remnant is shown with the final specimen (inset) for either histology or flow cytometry. (c) H&E stain demonstrating the interface between the hydrogel and
tumor recurrence. (d) H&E demonstrating tumor regrowth adjacent to postoperative scar and granulation tissue.
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Figure 2. Immunologic changes following incomplete tumor resection. (a)

Expected innate immune cell infiltration over the first week of wound healing is

approximated from previously published data. (b) Flow cytometry was performed on the digested tumor remnant and surrounding tissue, demonstrating changes in
infiltrating myeloid cells and T cells over the first postoperative week. (c) Heat map of immune cell infiltration by each postoperative day in separate experiments. (d)
Flow cytometry was performed to analyze immune cell populations in the draining lymph node (right inguinal) and (e) spleen over the first postoperative week. Error

bars indicate standard error of the mean. * P < .05, ** P < .01, *** P < .001.

infiltration are approximated in Figure 2a, extrapolated from
previous data characterizing skin wounds."™'> In our model,
myeloid-derived suppressor cell (MDSC) influx was observed
in the early postoperative period that resolved by day 7 (Figure
2b). Alternatively, neutrophil accumulation followed a longer
course, persisting through the end of the first postoperative
week (Figure 2b). While the overall percentage of macrophages
did not change, the proportion of CD40"MHC2™ M1-asso-
ciated macrophages decreased significantly (Figure 2b).
Natural killer (NK) cells similarly did not change by overall

percentage of immune cells, but an increase in the proportion
of mature CD11b"KLRG1" NK cells was observed (Figure
S1A). Concomitant with an increase in myeloid cells, a striking
decline in CD8" T cell presence was observed that did not
recover (Figure 2b). Cell populations that changed significantly
through the first postoperative week are displayed together in
the heat map in Figure 2c.

In the draining inguinal lymph node basin, a similar
increase in neutrophil accumulation was observed, although
these cells continued to represent a very small proportion of



the nodal immune component (Figure 2d). A loss of T cells was
also observed in the node, predominantly driven by CD4" T
cell loss (Figure 2d). In the spleen, diffuse myeloid infiltration
was again observed with a similar loss in M1-associated macro-
phages (Figure 2e). Postoperative day 3 spleens demonstrated a
reduction in PD1-positivity for both CD4" and CD8" T cells
(Figure S1C). Taken together, these findings confirm a mye-
loid-rich postoperative immune microenvironment thought to
be associated with wound healing. Of note, a persistent reduc-
tion of T cells as a fraction of total immune cells was observed
in all compartments, suggesting this is unlikely to be a migra-
tion phenomenon. T cell populations failed to return to pre-
operative levels despite significant tumor regrowth, which may
have implications for antitumor immune responses in the
postoperative period.

Implantation of PancVax gel at the time of resection. In order
to test the hypothesis that a hydrogel vaccine would stimulate
antitumor immune responses, particularly T cell infiltration,
mice were randomly assigned to receive control gels versus
PancVax gels upon incomplete tumor resection. Vaccine
implantation led to intense neutrophil and MDSC trafficking
to the resection bed, with no significant increase in T cells as a
fraction of total immune cells (Figure 3a & B). Despite these
changes, other encouraging findings regarding antitumor
immunity were observed. While the infiltration of NK cells
overall was not significantly altered (Figure S1A), the propor-
tion of mature CD11b"KLRG1" and activated CD69" NK cells
increased with PancVax gel implantation (Figure 3c). In the
draining lymph node basin, PancVax gel was associated with
CD8" T cell activation in the early postoperative period (Figure
3d) in addition to a similar pattern of NK cell activation to that
seen in the tumor bed (Figure 3e). Overall, these data suggest
that PancVax gel implantation exacerbated the myeloid infil-
tration observed with surgery alone at the resection site. In
addition, cytotoxic T cell activation in the draining node and
global NK cell activation also suggest a potentially favorable
environment for an antitumor immune response.

At two weeks postoperatively in the PancVax gel group,
persistent neutrophil infiltration was observed in the resection
bed, concurrent with an overall reduction in macrophages and
NK cells (Figure 4a & B). A slight increase in neutrophils
remained present in the draining lymph node, as well as further
CD4" T cell loss (Figure 4c & D). In both the lymph node and
the spleen, a higher proportion of PD1"CD4" T cells was
observed in the PancVax gel group (Figure 4c-f). Expression
of the co-stimulatory ligand, CD86, was higher in nodal B cells,
suggesting more effective antigen presentation in the PancVax
gel group (Figure 4d). Higher proportions of multiple myeloid
subtypes were present in the spleens of the PancVax gel mice
(Figure 4e & F). Consistent with earlier time points, PancVax
gel was associated with higher splenic NK cell expression of the
activation marker CD69 (figure 4f). Globally, these results
suggest persistence of the injury signal from the hydrogel
vaccine with release of myeloid cells into the periphery and
neutrophil trafficking to the surgical site.

Efficacy of the hydrogel vaccine in preventing tumor recur-
rence. At one week postoperatively, histologic evaluation
revealed uniform regrowth of incompletely resected tumors
treated with control hydrogels (Figure 5a). Conversely, mice
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treated with PancVax gel demonstrated only scar and granula-
tion tissue with no evidence of tumor in 3 of 5 mice (Figure 5b
& C). In the remaining mice, areas of hyalinized necrosis were
observed with microscopic deposits of viable tumor cells,
which suggests but does not provide definitive evidence of
treatment response (Figure 5b & C). At two weeks postopera-
tively, all mice treated with PancVax gel demonstrated no
evidence of tumor at the surgical site (Figure 5d). When the
time course was extended to two months postoperatively, all
mice treated with PancVax gel demonstrated healed wounds
with no evidence of recurrence (Figure 5e). One mouse in this
group demonstrated a raised scar at the surgical site, which
remained stable in size throughout the 2-month postoperative
period. Of note, all timed analyses were performed on separate
groups of mice to allow for tissue acquisition at each endpoint.
When these experiments were repeated on larger tumors (2
cm), control tumors demonstrated aggressive local recurrence,
reaching experimental endpoint in 10 days (Figure S2A).
However, mice treated with PancVax gel had no gross evidence
of recurrence at this time (Figure S2A). Resection beds again
demonstrated similar immune cell infiltration patterns, with a
dominant neutrophil and MDSC presence associated with the
vaccine (Figure S2B). These experiments provide preclinical
evidence for safety and efficacy with PancVax gel application to
a grossly positive surgical margin.

Adaptive immune responses to PancVax gel. In order to
evaluate whether PancVax gel application led to expansion of
neoantigen-specific T cells, interferon-y ELISPOTs were per-
formed on splenic CD4" and CD8" T cells from experimental
mice. Groups included mice undergoing incomplete resection
and application of either control gels or PancVax gels at the
surgical site. Tumor recurrence was confirmed in the control
group and no evidence of tumor confirmed in the vaccine
group at two weeks postoperatively. The peptides evaluated
consisted of the same 20-mer peptides from the original
PancVax validation study® that were also included in
PancVax gel. T2 antigen presenting cells expressing either
H2-K°, H2-D, or H2-A® were applied according to previously
established peptide reactivity. As the original vaccine was
developed to elicit CD8" T cell responses, the majority of
neoantigen peptides were designed to maximize binding capa-
city to H2-K" or H2-D". CD4" T cell responses were also
evaluated, since some degree of reactivity has been observed
for three of the peptides with H2-AP. ELISPOTSs revealed
increased reactivity of CD8" T cells to multiple neoantigen
peptides in mice implanted with PancVax gel compared to
control gel, suggesting some degree of efficacy as a vaccine
despite the traumatized state from surgery (figure 5f). The
specific peptides eliciting reactivity were also associated with
more pronounced responses in the original PancVax study.®
Taken together, these data provide evidence that PancVax gel
implantation stimulates neoantigen-specific T cell responses in
the postoperative period, concomitant with complete regres-
sion of the tumor remnant.

Gene expression profiling of the immune microenvironment
after tumor resection and gel implantation. To further explore
the nature of immune activity in the resection bed, a panel of
561 genes was analyzed at one week postoperatively using the
nCounter NanoString Mouse Immunology Panel. These data
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Figure 3. Application of PancVax gel following incomplete tumor resection. (a) Flow cytometry was performed on the digested tumor remnant and surrounding
tissue on the indicated postoperative day following incomplete resection and either PancVax gel or control gel implantation. Immune cell breakdown by percentage of
CD45™ cells is shown in sunburst plots. (b) Neutrophil and MDSC percentages in the tumor remnant are shown over time. (c) NK cell subpopulations are shown in the
tumor remnant over time. (d) CD8™ T cell activation markers are shown in the draining lymph node (right inguinal) over time postoperatively. () NK cell subpopulations
are shown in the draining lymph node over time postoperatively. Error bars indicate standard error of the mean. * P < .05, ** P < .01, *** P < .001. Sunburst plots display
M1 macrophages in yellow, M2 macrophages in light blue, MDSCs in gray, Neutrophils in Orange, NK cells in royal blue, CD4* T cells in green and CD8" T cells in dark

blue.

confirmed the intense innate immune response to PancVax gel, recognition receptors (Figure 6a-d). Pathway analysis demon-
highlighting increased expression of numerous genes asso- strated enriched signatures associated with both type I and type
ciated with granulocyte influx, including S100A8, S100A9, II interferon signaling, phagocytosis, complement activation,
CXCR2, CSF3R, and multiple Fc gamma and pattern- and toll-like receptor signaling (Figure 6e). The PancVax gel
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Figure 4. Inmunologic changes at two weeks following incomplete tumor resection and PancVax gel application. (a) Flow cytometry was performed on the
digested tumor remnant and surrounding tissue on postoperative day 14 following incomplete resection and either PancVax gel or control gel implantation. Immune
cell breakdown by percentage of CD45* cells is shown in sunburst plots and (b) selected dot plots. (c) Immune cell breakdown is shown in the draining lymph node
(right inguinal) at two weeks following incomplete tumor resection and PancVax gel or control gel implantation in sunburst and (d) selected dot plots. (e) Immune cell
breakdown is shown in the spleen at two weeks following incomplete tumor resection and PancVax gel or control gel implantation in sunburst and (f) selected dot plots.
Error bars indicate standard error of the mean. * P < .05, ** P < .01, *** P < .001. MFI, mean fluorescent intensity. Sunburst plots display M1 macrophages in yellow, M2
macrophages in light blue, MDSCs in gray, neutrophils in Orange, NK cells in royal blue, CD4" T cells in dark blue, CD8" T cells in brown and B cells in green.

group consistently demonstrated high levels of gene expression
associated with phagocytosis and degradation, further reinfor-
cing neutrophil activity and some degree of an M1 macrophage
presence (figure 6f). Alternatively, the Th1/Th2 balance
favored mice implanted with control gels, suggesting M2-asso-
ciated activity in the PancVax gel group as well. Interestingly,
treatment groups did not cluster together based on gene
expression associated with T cell signaling, which included
multiple activation markers (Figure 6g). Cell type profiling
aligned with flow cytometry data, demonstrating an influx of
neutrophils, macrophages and dendritic cells associated with
PancVax gel (Figure 6h). All differentially expressed genes are
displayed in Table S1. Taken together, these data confirm the
innate immune cell influx observed with PancVax gel implan-
tation as well as patterns associated with continued adjuvant
activity in the postoperative tumor microenvironment.

Discussion

Implantation of a neoantigen-targeted vaccine embedded in a
hyaluronic acid hydrogel (PancVax gel) prevented local recur-
rence after incomplete tumor resection, leading to durable
regression of the gross tumor remnant. PancVax gel applica-
tion led to T cell activation in the draining lymph node and
expansion of neoantigen-specific T cells despite the classically

immunosuppressed postoperative state. To our knowledge, this
is the first investigation to demonstrate that locoregional
immune modulation at the time of surgery can eliminate
residual gross disease.

Our data also describe the temporal changes in the post-
operative immune microenvironment after incomplete tumor
resection. Traditional wound healing investigations describe an
initial phase of inflammation over the first two days, character-
ized by neutrophil and monocyte recruitment as a result of
platelet degranulation, bacterial degradation, chemokine
release and a host of other signals."® We observed a slightly
different pattern of early monocyte recruitment with a pro-
longed neutrophil presence. While the early monocyte recruit-
ment was not observed in historical wound healing
investigations, recent studies using in vivo imaging have con-
firmed an early, “pioneer” wave of monocytes.'>'” The persis-
tence of neutrophils surrounding residual tumors compared to
the physiologic wound healing process is likely multifactorial.
Neutrophil persistence is a known phenomenon in chronic
nonhealing wounds, as neutrophil apoptosis is a hallmark
event in the transition from the inflammatory to the prolifera-
tive phase. Macrophage uptake of apoptotic neutrophils trig-
gers an M2-associated phenotypic change to suppress ongoing
inflammation and promote remodeling.'®*° However, many
of the chemokines and damage associated molecular patterns
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Figure 5. Efficacy of PancVax gel following incomplete tumor resection. (a) H&E analysis of tumor remnants from all mice undergoing incomplete resection with
control gel implantation on postoperative day 7. (b) H&E analysis of tumor remnants from mice undergoing incomplete resection and PancVax gel implantation on
postoperative day 7 with selected views magnified (20X from 5X). (c) Pie chart summarizing histologic findings from tumor remnants on postoperative day 7 from mice
undergoing incomplete tumor resection and the indicated treatment. (d) Pie chart summarizing histologic findings from tumor remnants on postoperative day 14 from
mice undergoing incomplete tumor resection and PancVax gel implantation with representative H&E slides demonstrating scar and granulation tissue. (e) Surgical sites
of mice undergoing incomplete tumor resection and implantation of PancVax gel on postoperative day 60. (f) Mice undergoing incomplete tumor resection received
either PancVax gel or control gel. ELISPOTs were performed to evaluate neoantigen-specific T cell responses. Spleens were harvested on postoperative day 14 and T cells
were isolated (CD4* and CD8" separately). T cells were stimulated with T2-D° or K° (CD8") or T2-A® (CD4") antigen presenting cells pulsed with mutant Panc02 peptides
identified previously. Stimulations were performed on an interferon-y capture plate and spots were counted in an automated fashion (ImmunoSpot).

(DAMPs) known to recruit neutrophils are also abundant in
the tumor microenvironment.?' Thus, the continued presence
of tumor may contribute to the neutrophil persistence
observed in our experiments.

Neutrophil recruitment was further exacerbated by the local
application of PancVax gel. This may be explained by the
immunological context of the new microenvironment.
Exposure to the adjuvants in PancVax gel could dramatically
alter the physiologic significance of neutrophil apoptosis. As

opposed to the usual tolerogenic stimulus, antigens released
from phagocytosed neutrophils may be processed by potential
antigen presenting cells in a more hostile context. The resulting
cytokine and chemokine release may in turn recruit more
neutrophils, providing the framework for a proinflammatory
positive feedback loop. Accordingly, the physiologic transition
to the anti-inflammatory proliferative and remodeling phases
seemed to be delayed in tumor-bearing mice receiving
PancVax gel. It is prudent to point out that we cannot rule
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Figure 6. Gene expression analysis of PancVax Gel microenvironment. The NanoString nCounter mouse immunology panel was used to analyze gene expression in
the tumor bed one week following resection and gel implantation. Results represent five mice in each group. Volcano plots are displayed highlighting (a) the top 40
differentially expressed genes, (b) genes associated with cytokine signaling, (c) genes associated with complement activation and (d) genes associated with innate
immunity. (e) A heat map of the top differentially expressed pathways are displayed for each sample within the treatment groups. (f-g) Heat map analysis of (f)
phagocytosis and degradation as well as (g) T cell signaling associated gene expression for PancVax gel samples (gray bar) and controls (red bar). (h) Cell type profiling
was performed and differences between groups are displayed. All P values were adjusted for false discovery rates using the Benjamini-Yekutieli method.

out a component of granulocytic MDSCs despite very high
Ly6G expression. The gene expression data also suggest high
phagocytic activity as well as other pathways more consistent
with a strong neutrophil presence. Perhaps most importantly,
this disruption of the expected wound healing cascade did not
appear to impair healing of the incisions in mice receiving
PancVax gel.

It is noteworthy that the application of PancVax gel was
associated with a higher number of neoantigen-specific T cells
despite the global immune suppression from a major opera-
tion. While the incomplete resection may appear to be a minor
procedure, the proportional area for a mouse is quite large.
Further, all mice experienced splenic neutrophil and MDSC
accumulation postoperatively, consistent with demargination,
arguing in favor of a significant systemic insult. Although the
data are sparse, vaccines are generally avoided in the perio-
perative period due to efficacy concerns. Current guidelines
favor vaccination two weeks pre- or two weeks postoperatively
for post-splenectomy immunization, the most common perio-
perative vaccination scenario in adults.”>*> While our data
suggest that neoantigen-specific T cell expansion and tumor
regression can be achieved by an intraoperative vaccine, it is
important to recognize that the number of spots observed in
this study is well below those observed after injection with
PancVax alone.® Further work is necessary to evaluate the
expansion of neoantigen-specific T cells in the setting of opera-
tive trauma.

Despite neoantigen-specific T cell expansion, the efficacy of
PancVax gel did not coincide with a detectable surge in local T
cell infiltration. This may be due to the sensitivity of our

methodology, as histologic analysis confirmed that most of
the submitted specimen was granulation tissue in the vacci-
nated mice. Thus, flow cytometry of the entire wound bed may
have been biased by the dominant myeloid presence in the
surrounding tissue, unable to detect subtle changes in peritu-
moral T cell influx. Alternatively, the mechanism of efficacy
may not be entirely T cell dependent. Intense, persistent neu-
trophil influx is known to cause significant tissue damage,”'
which may play a role in sterilizing the resection margins
postoperatively. The microenvironment can also have a dra-
matic effect on macrophage phagocytic function, which can be
an effective driver of tumor regression.”**> Gene expression
analysis certainly suggested high levels of complement activa-
tion and phagocytosis associated with PancVax gel. However,
the observations that PancVax gel led to T cell activation in the
regional node in addition to neoantigen-specific T cell expan-
sion favor some degree of T cell-mediated antitumor immu-
nity. While expanded analysis of T cell activation markers from
the NanoString data also did not detect a significant difference
at one week, it is possible that our time points for assessment of
T cell activation missed the peak T cell influx period.

Other groups have also demonstrated the potential of vac-
cines in sustained release formulations. Roth et al generated a
polymer-nanoparticle hydrogel-based vaccine that stimulated
more effective humoral immune responses.”*?” This effect was
thought to be the result of prolonged antigen exposure, which
led to more extensive somatic hypermutation during affinity
maturation. Our methodology was similar to Park et al., who
used a hyaluronic acid hydrogel backbone to deliver a variety of
immune modulating agents in a highly metastatic 4T1 breast
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cancer model.”® This investigation confirmed the release of
hydrogel contents over weeks postoperatively and prevention
of metastatic disease in a complete tumor resection model. Our
study expands on these findings by analyzing a grossly positive
tumor margin with an emphasis on local recurrence and the
evolving postoperative immune microenvironment, which had
not yet been interrogated. Additionally, we applied our estab-
lished neoantigen-based vaccine, which has already been opti-
mized with the most effective peptide and adjuvant
combination.® Unlike the intratumoral injections performed
with PancVax previously by our group, no additional systemic
agents were necessary to induce regression of the tumor rem-
nant in the PancVax gel model. Data from Park et al. demon-
strated significantly worse outcomes with hydrogel placement
adjacent to the tumor, supporting the notion that a complete
response is exceedingly difficult to achieve without concomi-
tant resection.”® This group also found that adjuvants alone
were sufficient to achieve systemic antitumor responses. Future
studies with the PancVax gel model will evaluate the contribu-
tion of neoantigens to vaccine efficacy in addition to the
immune cell types necessary to prevent tumor regrowth.

Here we demonstrate the potential utility of vaccine hydro-
gels in the operative setting, but these findings should also be
considered in the context of several study limitations. First,
Panc02 is a PDAC cell line that was examined in a flank tumor
model. It should be recognized that both wound healing patterns
and vaccine responses may vary depending on the site of injury
and vaccine implantation. In PDAC, the major barrier to surgery
is often perineural and lymphatic involvement along the mesen-
teric vessels and portal system. Anticipated margin positivity in
these areas represents the ideal application of a vaccine hydrogel,
but also entails a unique immune microenvironment that may
be difficult to recapitulate experimentally. An orthotopic model
is likely more representative of this environment than the flank,
but spleen-preserving partial pancreatectomy in a mouse is not
technically feasible, particularly with the goal of producing a
consistent pattern of local recurrence postoperatively.

Future directions include investigations into tumor rechal-
lenge, oligometastatic disease as well as the application of
additional tumor models, as data in PancVax alone is not
sufficient to conclude that this represents a clinically viable
strategy. In order to maximize consistency, grossly positive
margins (R2 resections) were examined rather than microsco-
pically positive margins (R1), which may be more clinically
relevant. Experimental endpoints were also preset for consis-
tency in evaluating immunologic changes in the postoperative
microenvironment. However, survival analyses will eventually
be included in more translational disease models, such as the
oligometastatic setting, to ultimately establish the efficacy of
this modality. Clinically applicable models will also necessitate
incorporation of both male and female mice. As Panc02 was
derived in a male mouse, it is our practice to evaluate immu-
nologic phenomena in male mice as well. Additionally, the
focus of this study was immune cells in the postoperative
tumor microenvironment, but fibroblasts and endothelial
cells also comprise a major component of wound healing.
Thus, we cannot make conclusions regarding the later stages
of neovascularization and fibrosis from these experiments.
These data will be important in choosing the appropriate

surgical setting for PancVax gel. Investigations evaluating the
safety of PancVax gel may also necessitate more applicable
surgical models to PDAC, such as concomitant intestinal or
vascular resection. However, despite these limitations, the
results at two months suggest both long-term therapeutic effi-
cacy and appropriately healed wounds, representing promising
data moving forward.

In summary, we demonstrate the efficacy of an implantable
hydrogel vaccine in an experimental model of incomplete
tumor resection. Durable tumor regression was observed in
the setting of grossly positive margins with locoregional
immune modulation alone. Much work remains to further
evaluate this approach, but the capacity to effectively treat
unresectable local disease would represent a paradigm shift in
our approach to solid tumors, particularly PDAC.
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