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Abstract

Purpose: Neoadjuvant chemotherapy is increasingly administered to patients with resectable
or borderline resectable pancreatic ductal adenocarcinoma (PDAC), yet its impact on the tumor
immune microenvironment is incompletely understood.

Experimental design: We employed quantitative, spatially-resolved multiplex
immunofluorescence and digital image analysis to identify T-cell subpopulations, macrophage
polarization states and myeloid cell subpopulations in a multi-institution cohort of up-

front resected primary tumors (n=299) and in a comparative set of resected tumors after
FOLFIRINOX-based neoadjuvant therapy (n=36) or up-front surgery (n=30). Multivariable-
adjusted Cox proportional hazards models were used to evaluate associations between the immune
microenvironment and patient outcomes.

Results: In the multi-institutional resection cohort, immune cells exhibited substantial
heterogeneity across patient tumors and were located predominantly in stromal regions.
Unsupervised clustering using immune cell densities identified four main patterns of immune

cell infiltration. One pattern, seen in 20% of tumors and characterized by abundant T cells (T
cell-rich) and a paucity of immunosuppressive granulocytes and macrophages, was associated with
improved patient survival. Neoadjuvant chemotherapy was associated with a higher CD8:CD4
ratio, greater M1:M2-polarized macrophage ratio, and reduced CD15*ARG1* immunosuppressive
granulocyte density. Within neoadjuvant-treated tumors, 64% showed a T-cell-rich pattern

with low immunosuppressive granulocytes and macrophages. M1-polarized macrophages were
located closer to tumor cells after neoadjuvant chemotherapy and colocalization of M1-polarized
macrophages and tumor cells was associated with greater tumor pathologic response and improved
patient survival.

Conclusion: Neoadjuvant chemotherapy with FOLFIRINOX shifts the PDAC immune
microenvironment towards an anti-tumorigenic state associated with improved patient survival.

Keywords

macrophage; myeloid immune cell; neoadjuvant treatment; pancreatic cancer; spatial analysis;
tumor microenvironment
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the third leading cause of cancer-related
death in the USL, with a 5-year survival rate of only 11%!?. Patients who present with
localized disease are increasingly treated with neoadjuvant chemotherapy to facilitate
margin-negative surgical resection and potentially improve long-term survival?->. Beyond
the direct cytotoxic effect of chemotherapeutic agents on cancer cells, chemotherapy may
alter the PDAC immune microenvironment®-8, The PDAC microenvironment is composed
of abundant stroma and a diverse immune cell infiltrate, enriched with immunosuppressive
cells, including regulatory CD4* T cells, M2-polarized macrophages and myeloid-derived
suppressor cells (MDSCs). The admixture of these suppressive cells with effector and
cytotoxic T cells is thought to play an important role in facilitating immune tolerance and
tumor evasion of immunologic clearance®-13. Furthermore, several studies have suggested
that immune cell densities are associated with patient outcomes, including survival after
surgical resection for localized diseasel4-18. However, despite the increasing use of
neoadjuvant therapy, few studies have investigated its potential effects on the PDAC immune
microenvironment, and these studies have either focused on limited immune cell subsets or
included patients receiving diverse neoadjuvant treatment programs’:8:19-23,

To investigate the impact of neoadjuvant therapy on the PDAC immune microenvironment,
we developed quantitative, spatially-resolved, multiplex immunofluorescence assays to
characterize T-cell subpopulations, macrophage subtypes and MDSCs. We first defined the
immune landscape in a large cohort of primary, previously-untreated resected PDAC and
then conducted a paired assessment with tumors resected after treatment with neoadjuvant
FOLFIRINOX (5-fluorouracil, folinic acid, irinotecan, oxaliplatin) chemotherapy. Immune
cell densities and spatial organization were then evaluated with patient outcomes,

tumor genomic features, histologic response to neoadjuvant therapy, and additional
clinicopathologic data to identify and determine the significance of major immune cell
infiltration patterns in neoadjuvant-treated PDAC.

MATERIAL AND METHODS

Study population and specimens

To characterize the baseline PDAC immune landscape, we studied tumors from our

existing cohort of patients treated with up-front surgery. This primary resection cohort,
which has undergone prior molecular characterization and tissue microarray-based myeloid
cell profilingl”-24, included patients from three academic cancer centers: Dana-Farber/
Brigham and Women’s Cancer Center (DF/BWCC), University of Rochester Medical Center
(URMC), and Stanford Cancer Institute (SRI). Clinicopathological data including sex, age at
surgery, type of pancreatic resection, post-operative chemotherapy and radiotherapy, tumor
location, AJCC (8th ed.) pT and pN stages, histologic grade, lymphovascular invasion,

and resection margin status were collected from the medical records (Supplementary Table
S1), as previously described?4. After relevant exclusions, 299 patients were included in the
primary resection cohort (Supplementary Figure S1).
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To assess changes in immune cell composition after neoadjuvant treatment, we selected
representative whole slide tumor sections from 36 patients treated with neoadjuvant
FOLFIRINOX chemotherapy at DF/BWCC that had available tumor blocks and residual
tumor histologically confirmed in the pancreas. These tumors were staged as borderline
resectable (70%), locally advanced (19%) or up-front resectable (11%), as per convention
at Dana-Farber/Brigham and Women’s Cancer Center2>. For comparison, we randomly
selected representative whole slide tumor sections from 30 patients that were also included
in the multi-institutional resection cohort that underwent up-front surgery at DF/BWCC.
In the neoadjuvant cohort, 24 patients were treated with neoadjuvant chemotherapy alone,
8 with neoadjuvant chemotherapy followed by stereotactic body radiotherapy, and 4 with
neoadjuvant chemotherapy followed by long-course chemoradiation (Supplementary Table
S1).

The institutional review board (IRB) from each institution approved this study. Patients
treated at the DF/BWCC signed a written informed consent, and the informed consent

was waived at URMC and SClI, as patients were identified retrospectively according to
IRB-exempt protocols. The study was conducted in accordance with the U.S. Common Rule.

Assessment of histological response to neoadjuvant treatment

We assessed hematoxylin and eosin-stained slides from the neoadjuvant-treated cohort and
estimated the treatment effect using both the Modified Ryan Scheme for Tumor Regression
Score?5, as recommended by the College of American Pathologists, and the MD Anderson
grading system 2728, Using the Modifier Ryan scheme, we further classified tumors that
were scored 1 as “good responders” and tumors that scored 2 or 3 as “poor responders”
(Supplementary Figure S2).

Multiplexed immunofluorescence assays

A customized multiplex immunofluorescence (mIF) panel was designed to characterize
T-cell subsets and included: CD3 (pan-T cell marker), CD4 (helper T cells), CD8
(cytotoxic T cells), CD45R0O (PTPRC isoform, memory T cells), and FoxP3 (regulatory

T cells) (Supplementary Table S2). Two mIF panels previously developed for PDAC were
used to characterize myeloid cell subsets (CD14, CD15, ARG1, CD33, and HLA-DR)

and macrophage polarization (CD68, CD163, IRF5, CD86, and CD206)1’. All panels
included 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI) as a nuclear marker and
cytokeratin to identify epithelial cells (Figure 1).

All antibodies were first optimized using chromogenic single-plex staining protocols and
then using single-plex immunofluorescence. Subsequently, antibodies were combined into a
multiplexed IF assay in which sequential rounds of antigen retrieval, antigen detection, and
fluorescent labeling via tyramide signal amplification were performed on 4um sections of
formalin-fixed paraffin-embedded samples using a Leica BOND RX Research Stainer (Leica
Biosystems, Buffalo, IL) (Supplementary Figure S3 and S4).
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Evaluation of immune cell subsets in multiplexed immunofluorescence images

To analyze stained slides, digital images were acquired at 200x magnification using an
automated multispectral imaging system (Vectra 3.0, PerkinElmer, Hopkinton, MA)2°. After
image acquisition and spectral unmixing, each digital image was visually inspected by a
trained pathologist to ensure the presence of invasive PDAC and to exclude regions of
non-neoplastic epithelium and tissue processing artifacts. For tissue microarray (TMA)
analysis, only tumor cores with malignant cells comprising at least 5% of the total tissue
area were included. For the whole slide section analysis, six regions of interest were
selected, three from the tumor center and three from the periphery, to account for tumor
heterogeneity18. Tertiary lymphoid structures (TLS), if present, were also selected for
analysis (Supplementary Figure S5). Following quality control procedures, images were
then processed using supervised machine learning (inForm 2.4.1, PerkinElmer) to segment
each region of interest into tumor epithelial and stromal areas.

After detecting single cells and performance of subcellular segmentation, supervised
machine learning was used to identify T cells based upon a combination of cytomorphology
and subcellular T-cell marker expression patterns, allowing identification of the following
phenotypes: CD3*CD4*, CD3*CD8", and CD3*CD4~CD8". In addition, other immune cells
(CD3~CD45R0™), tumor cells (CK*) and stromal cells (CK~"CD3"CD4~CD8~CD45R0")
were identified (Supplementary Figure S6). The resultant single-cell level data were further
analyzed using R v.4.0 (R Foundation for Statistical Computing, Vienna, Austria).

Assessment of immune cell densities and spatial features

For each tumor, immune cell densities were separately calculated for the tumor epithelial
area, stromal area, and combined tissue area. Proximity of immune cells to tumor cells was
assessed using nearest neighbor distance (NND) and the G,qss function, using the spatstat
package v.2.2.0 in R. Briefly, NND computes the distance (um) between each point 7 (/.e.,
immune cell) to its nearest neighbor point j (7.e., tumor cell), whereas the Goss function
estimates the probability of finding at least one point j (7.¢e., immune cell) within a specified
radius (um) of any point /(/.e., tumor cell), thereby estimating the degree of tumor-immune
cell co-localization (Figure 1, Supplementary Figure S7).

Statistical analysis

For survival analyses, Cox proportional hazards regression models were used to compute
hazard ratios (HRs) and 95% confidence intervals (Cls). Overall survival (OS) was defined
as time between surgery and death for any reason or last follow-up if alive. Disease-free
survival (DFS) was defined as time between surgery and disease recurrence or last follow-
up if no recurrence. For the primary resection cohort, immune cell densities and spatial
measurements were categorized into quartiles by cohort. For the neoadjuvant cohort, median
values were used to dichotomize for two-group comparisons. The proportional hazards
assumption was satisfied by including a product of the exposure variable and time as

a time-dependent variable in the model (all ~>0.05). Trend tests were performed by
including an ordinal score for each quartile in Cox models. In multivariable analyses, models
were adjusted for potential prognostic factors, including age, sex, pathologic N stage,

tumor grade, lymphovascular invasion, resection margin status, and receipt of perioperative
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treatment. The Kaplan—Meier method was used to generate survival curves, and the log-rank
test was used for estimating statistical significance. We performed unsupervised clustering
using the k-means function (sfats package v.4.2.0 in R) based on normalized overall
densities of non-overlapping immune cells subsets. Statistical analysis was performed with
SAS 9.4 software (SAS Institute) and R software (version 4.0). Two-sided P values <0.05
were considered statistically significant.

Data Availability

RESULTS

The data generated in this study are available upon request from the corresponding author.

Characterization of immune microenvironment in resected pancreatic cancer

To define the landscape of myeloid and lymphoid cell types in PDAC, we began by
assessing T-cell populations and spatial distribution in the primary resection cohort using

a custom-designed mlIF panel, digital image analysis and supervised machine learning for
tissue segmentation and cell phenotyping. Across 299 tumors, we identified 2.4 million
specifically phenotyped cells, including 819,000 cytokeratin-positive tumor cells and 1.6
million CD3* T cells. More than 90% of CD3* T cells were positive for CD4 or CD8.
CD45RO* memory T cells were significantly more common than naive T cells (average

of 2.1 memory T cells for every naive T cell), and FoxP3 expression was identified in

only 11% of CD3*CD4* helper T cells (Supplementary Table S3). While 94.8% of T cells
were located within stromal regions, 5.2% of T cells were identified within tumor epithelial
areas, indicating very close proximity to tumor cells. Across tumors, T-cell densities varied
greatly, with a median (IQR) of 320 (144-612) CD3* cells/mm? and a range of 10 to

5014 CD3* cellssmm?2 (Supplementary Table S3). To ensure that the TMA analysis was
representative of larger tumor areas that can be evaluated using whole slide sections (WSS),
we compared immune cell density measurements from a subset of tumors in the TMA

set with those derived from WSS of the same tumaors. This analysis revealed correlation
coefficients of 0.55 for CD3* T cells, 0.55 for CD3*CD4* T cells and 0.54 for CD3*CD8* T
cells (Supplementary Figure S8).

We next combined T-cell results with myeloid cell data drawn from two additional mIF
panels!’ (Figure 1), resulting in 270 tumors with data available across all three panels.
These additional myeloid cell-focused panels cumulatively provided information for 2.6
million macrophages, 219,379 CD14" cells and 159,033 CD15* cells. Integration of T-cell
and myeloid cell densities revealed significant heterogeneity in aggregate cell densities
across the 270 tumors, with no individual immune cell population serving as a dominant
determinant of overall immune cell density (Figure 2A). Analysis of combined tissue

area densities showed that T-cell densities were positively correlated with macrophage
and CD14* monocyte densities but not correlated with CD15* granulocyte densities,
including immunosuppressive CD15*ARG1* granulocytes (Figure 2B). Across all immune
cell populations, densities were higher in stromal areas than in tumor epithelial areas’
(Figure 2C). However, this difference was more pronounced for T-cell and macrophage
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subsets, suggesting that different immune cell subtypes are preferentially located within
specific locations in the larger microenvironment.

Although higher T-cell densities and, more specifically, cytotoxic CD8* T-cell densities are
associated with better patient outcomes in many tumor types, data in pancreatic cancer are
conflicting9:11:30, In our primary resection cohort, higher overall CD3* T-cell density was
associated with improved OS and DFS in multivariable-adjusted models (Supplementary
Table S4). When comparing patient tumors in the top versus bottom quartiles of CD3* T-cell
density, multivariable-adjusted Cox regression models demonstrated a hazard ratio (HR)

of 0.58 (95% ClI, 0.39-0.87, Pyreng = 0.01) for DFS and 0.69 (95%Cl, 0.48-1.03; Piend
=0.03) for OS. Interestingly, these associations were driven largely by CD3*CD4* helper
T-cell densities, rather than CD3*CD8* cytotoxic T-cell densities. Furthermore, CD3* T-cell
densities were not associated with alterations in the main PDAC driver genes, including
KRAS, CDKNZA, SMAD4, and TP53, as assessed by next generation sequencing and
immunohistochemistry24, nor with tumor mutational burden (TMB), classified as high or
low according to the median cohort TMB of 6.7 mutations per megabase (data not shown).

Beyond density, immune cell spatial configuration in relation to tumor cells is likely
important for the anti-tumor immune response and has been associated with patient
outcomes for several immune cell types!1:17. Across our integrated lymphoid and myeloid
data set, most immune cells were localized within 50 um of a tumor cell (Figure 2D).
Although immune cell distance distributions partially overlapped, granulocytes were closest
to tumor cells, followed by macrophages and then T cells. In our prior work, we found

that M1-macrophages were closer to tumor cells than M2 macrophages, and that greater
proximity of M2 macrophages to tumor cells was associated with worse patient outcomes?’.
We analyzed T cells in a similar fashion and found that CD3*CD8* T cells were closer to
tumor cells than CD3*CD4* T cells. However, the degree of co-localization between tumor
cells and either CD3*CD4* or CD3*CD8* T cells did not harbor prognostic significance
(data not shown). Taken together, these results indicate that numerous immune cell subtypes
exhibit spatial organization with respect to tumor cells and that this organization may reflect
the effectiveness of the anti-tumor immune response (Figure 2D).

Immune cell composition identifies PDAC subtypes with prognostic significance

We previously reported that primary PDAC could be clustered into groups based on immune
cell abundance (hypo- or hyper-inflamed) and lineage dominance (myeloid or lymphoid)28.
However, no prognostic significance was identified for these different groups, potentially
due to the limited number of tumors included in the study. Using our new integrated data set,
which also includes some prognostically relevant immune cell subtypes not characterized

in the prior study, we performed unsupervised clustering using densities of the major,
non-overlapping immune cell types to identify patterns in immune cell infiltration (Figure
2E). This analysis was performed in 270 patients and revealed four clusters (C1-C4). The
first two clusters were enriched in immunosuppressive granulocytes, depleted of T cells,

and differed according to predominance of M1-polarized (C1) or M2-polarized macrophages
(C2). The third cluster (C3) was characterized by high CD3*CD8* T cell and M2-polarized
macrophage densities, while the fourth cluster (C4) was distinguished by high densities of
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multiple T cell subtypes, moderate M1-polarized macrophage density, and low M2-polarized
macrophage and granulocyte densities. Alterations in the four PDAC driver genes were not
associated with these clusters, nor was TMB (Figure 2E).

We next considered whether these immune-based clusters were associated with patient
outcomes, hypothesizing that patients within the “T cell-rich” cluster would have improved
survival. Using this cluster as the reference group, each of the other three clusters was
associated with shorter OS and demonstrated largely overlapping survival curves by Kaplan-
Meier analysis (Supplementary Figure S9). Given these similarities, we combined cases
from these three clusters for outcome analyses. Using the “T cell-rich” cluster (C4) as a
reference, the combined clusters associated with shorter DFS (HR of 1.65 (95% ClI, 1.15-
2.35, Pieng0.01) and shorter OS (HR of 1.61 (95% Cl, 1.14-2.28, Pyeny0.01) (Figure 2F,
Table 1).

Neoadjuvant therapy is associated with an altered immune TME

Having characterized the baseline immune landscape of localized pancreatic cancer, we next
investigated whether treatment with FOLFIRINOX chemotherapy prior to surgery altered
the immune microenvironment. Across whole slide tumor sections from 36 patients treated
with neoadjuvant FOLFIRINOX and 30 patients treated with up-front surgical resection, we
identified 315,345 CD3* T cells, 358,922 macrophages, and 104,060 CD15" granulocytes.
As in the primary resection cohort, marked inter-tumor heterogeneity was observed for
aggregate immune cell density and relative immune cell composition in both groups (Figure
3A, Supplementary Table S5).

Comparison of neoadjuvant-treated tumors to those treated with upfront surgery did

not identify a significant difference in aggregate immune cell density (Figure 3B-C).
However, large differences in cell density were observed for multiple immune cell

subtypes (Figure 3B—C, Table 2, Supplementary Figure S10). Neoadjuvant therapy was
associated with a significantly higher CD3*CD8* T-cell density as compared to up-front
surgery, with increased CD3*CD8* T-cell density in both the intraepithelial and stromal
compartments. This increase was driven by both naive (CD3*CD8*CD45R0O~) and memory
(CD3*CD8*CD45R0O*) CD8* T cells. In contrast, CD3*CD4* T-cell density was decreased
in the neoadjuvant therapy group (Supplementary Table S5). These differences translated
into a significantly increased CD3*CD8*:CD3*CD4" ratio (median ratio 0.94 vs. 0.35;
P<0.005) and an increased cytotoxic to regulatory T-cell (CD3*CD8":CD3*CD4*FoxP3™")
ratio (median ratio 13.8 vs. 5.1; £<0.005) in neoadjuvant-treated patients, indicating a large
shift in T-cell functional status despite similar total T-cell numbers.

Within the myeloid immune cell populations, the overall density of CD15* granulocytes
expressing the immunosuppressive marker ARG1 was lower in neoadjuvant-treated tumors
(Figure 3C, Table 2, Supplementary Table S5, Supplementary Figure S10). While overall
CD14* monocyte density was not significantly different, the intraepithelial density of
CD14" monocytes was two-fold higher in neoadjuvant-treated tumors (£<0.005; Table 2).
Deeper analysis of CD14* monocytes using markers for early (CD33*) and late stages of
maturation/differentiation (HLA-DRY) revealed a three-fold increase in mature/differentiated
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CD14*HLA-DR*CD33™ monocytes in neoadjuvant-treated tumors, an effect that was most
pronounced within intraepithelial regions (Supplementary Table S5).

We next examined macrophage density and polarization status across an M1-M2 spectrum,
as previously describedl’. Neoadjuvant treatment was associated with a six-fold higher
number of intraepithelial macrophages compared to up-front resected tumors (Table 2,
Supplementary Table S5, Supplementary Figure S10). In both stromal and intraepithelial
areas, neoadjuvant therapy shifted the balance of M1 and M2 polarized macrophages
towards an M1 phenotype, as reflected by a significantly higher M1:M2 density ratio in
neoadjuvant-treated tumors. Although neoadjuvant treatment was associated with alterations
in both M1 and M2-polarized macrophage densities, the shift towards an M1 phenotype was
largely driven by higher M1 density, rather than lower M2 polarized macrophage density
(Table 2).

Finally, we compared immune cell density measurements from the tumor center to the
periphery while carefully excluding the tertiary lymphoid structures (TLS) that are often
present at the tumor periphery. Although we observed a trend towards higher densities at

the tumor periphery for most immune cell subsets, these differences were not statistically
significant (Supplementary Figure S11). We next investigated TLS, which are ectopic
lymphoid aggregates that can form in non-lymphoid tissues at sites of malignancy, and
whose presence has been associated with prognosis and immunotherapy response for some
cancer types, including PDACY7-19, Although a smaller proportion of neoadjuvant tumors
harbored TLS, no differences were identified in median TLS count between up-front surgery
and neoadjuvant-treated tumors (Figure 3D, Supplementary Figure S12). No differences
were identified in median TLS count between the up-front surgery and neoadjuvant-treated
groups (Figure 3D, Supplementary Figure S12). However, when we further stratified TLS
by intratumoral or peritumoral location, we found that intratumoral TLS were slightly

more abundant in neoadjuvant-treated tumors (43% of TLS) than up-front resected tumors
(34% of TLS), although this difference was not statistically significant. Similar to immune
infiltrates present within tumor epithelial regions, neoadjuvant therapy was associated with a
higher CD3*CD8* T-cell density and higher CD3*CD8* to CD3*CD4" ratio within TLS as
compared to tumors that underwent up-front surgery (Figure 3D, Supplementary Table S6).
Although CD3*CD4* T-cell density was slightly decreased in TLS from neoadjuvant-treated
tumors, this change was not statistically significant, also mirroring results seen in tumor
epithelial regions. Overall, most immune cell densities did not differ by TLS location.

The remaining immune cell subsets (e.g., macrophages and myeloid cell subsets) were not
analyzed as they were not major TLS cellular components.

Based on the above results, neoadjuvant treatment was associated with a tumor immune
microenvironment that included more cytotoxic T cells, fewer immunosuppressive
granulocytes, and a shift towards M1-polarization within macrophages. To understand how
these features related to the immune landscape of up-front resected pancreatic cancer,

we expanded our unsupervised clustering analysis of the primary resection cohort by
including the neoadjuvant-treated tumors. This analysis yielded four clusters that closely
resembled those identified initially (Figure 3E, Supplementary Figure S13). Neoadjuvant-
treated tumors were enriched in the T cell-rich cluster, with 64% of neoadjuvant-treated
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tumors included in this cluster. In contrast, only 20% of tumors that underwent up-front
resection were included in this cluster, suggesting that the immune microenvironment seen
after neoadjuvant FOLFIRINOX therapy was similar to that which is associated with longer
overall survival in patients treated with up-front surgery.

Radiotherapy after neoadjuvant FOLFIRINOX is associated with few differences in the
immune microenvironment

Radiotherapy is commonly administered following chemotherapy and prior to PDAC
resection; however, the clinical effectiveness and immune modulating effects of this therapy
remain unclear31-34, We therefore compared the immune microenvironment among patients
who received FOLFIRINOX alone (N=24) and those who received FOLFIRINOX followed
by radiotherapy (N=12) prior to surgery (Supplementary Table S7, Supplementary Figure
S14). Overall, very few differences in immune cell population densities were identified,
with the most notable difference being a reduction in CD3*CD8* cytotoxic T-cell density in
patients treated with radiotherapy. Although limited by modest case numbers, these results
suggest that radiotherapy may not have a major impact on the immune microenvironment
when administered following FOLFIRINOX chemotherapy.

Neoadjuvant therapy is associated with altered immune cell spatial distribution

Neoadjuvant therapy may influence the spatial configuration of immune cells with respect
to tumor cells35-38, To investigate this possibility, we first assessed immune cell spatial
localization within WSS from patients that underwent up-front resection. Similar to results
from TMA analysis of the multi-institution resection cohort, most immune cells were
co-localized within 50 um of the closest tumor cell (Supplementary Figure S15A). We
next evaluated whether co-localization between tumor cells and the main immune cell
populations was altered in neoadjuvant-treated tumors. Given the large differences in
intraepithelial macrophage densities between up-front resected and neoadjuvant-treated
tumors (Figure 4A), we focused first on macrophage co-localization. Using the G¢gss
function, which measures the probability of co-localization between a tumor cell and
immune cells within a specified radius, we found a greater likelihood of co-localization
between tumor cells and M1-polarized macrophages in neoadjuvant-treated tumors as
compared to those treated with up-front surgery (Figure 4B). Analysis using a nearest
neighbor (NND) approach, which provides a complementary measure of spatial proximity,
confirmed these results and showed that M1-polarized macrophages were, on average, 48%
closer to tumor cells in neoadjuvant-treated tumors (Figure 4C). In contrast, no differences
were observed for M2-polarized macrophages using either the Geyoss function or NND.
Beyond macrophages, T-cell spatial organization was also associated with neoadjuvant
therapy. In both G,oss function and NND analyses, CD3*CD8™ cytotoxic T cells were
located closer to tumor cells in neoadjuvant-treated tumors as compared to up-front resected
tumors. This association was specific for CD3*CD8" cells and was not observed for
CD3*CD4* cells (Supplementary Figure S15B-C). Overall, these results indicate that the
spatial configuration of multiple prominent immune cell populations in the PDAC immune
microenvironment is altered in tumors from patients treated with neoadjuvant therapy.
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Histological response to neoadjuvant treatment is associated with macrophage
localization and polarization status

Pancreatic cancer exhibits variable histologic response to neoadjuvant therapy3°40 and

can be measured according to several grading systems28. In our cohort, overall degree of
histological response in neoadjuvant-treated tumors was similar when assessed by both the
Modified Ryan scheme and MD Anderson grading system (Supplementary Table S8). Since
the Modified Ryan scheme is widely used for clinical reporting, we selected this scheme
for further analyses. Given that the immune TME may both govern and be influenced

by histologic response, we sought to determine whether immune cell configuration was
associated with tumor histological response (Figure 4D-E, Supplementary Table S9). We
found that intraepithelial macrophage density was strongly associated with better tumor
histological response, an association that was driven by higher densities of intraepithelial
M1-polarized macrophages (Figure 4F). Further evaluation of M1-polarized macrophage
spatial configuration revealed greater co-localization between tumor cells and M1-polarized
macrophages in tumors with a good histologic response as compared to those with a poor
histologic response (Figure 4G—H).

Co-localization of M1-polarized macrophages and tumor cells is associated with better
outcomes in neoadjuvant-treated patients

Given that M1-polarized macrophage density was higher in neoadjuvant-treated tumors

and correlated with better histologic response, we hypothesized that higher M1-polarized
macrophage density and greater co-localization with tumor cells would predict better
outcomes among neoadjuvant-treated patients. In Kaplan-Meier and Cox regression
analyses, higher intraepithelial M1-polarized macrophage density after neoadjuvant
treatment was associated with longer OS (Figure 41). Furthermore, greater co-localization of
M1-polarized macrophages with tumor cells was also associated with longer OS (Figure 4J).
Taken together, these results indicate that M1-polarized macrophages are enriched within
intraepithelial areas after neoadjuvant therapy and that their greater density and proximity to
tumor cells are associated with improved tumor histologic response and patient survival.

DISCUSSION

Patients with non-metastatic PDAC commonly receive neoadjuvant treatment with
FOLFIRINOX followed in some cases by radiotherapy prior to resection. Although
randomized data have just begun to emerge*1:42, use of neoadjuvant therapy may be
associated with longer overall survival compared to up-front resection®43, Prior studies
have suggested that the improved survival seen with neoadjuvant chemotherapy may be due,
in part, to changes in the immune microenvironment20:22:44.45 However, existing studies
have surveyed only a limited number of immune cell types and did not assess whether
neoadjuvant therapy alters immune microenvironment spatial organization. Additionally,
prior studies have largely relied upon singleplex immunohistochemistry and were unable to
identify immune cell populations requiring multimarker analysis.

In the current study, we first characterized the immune microenvironment of a large
multi-institutional cohort of previously-untreated resected PDAC. Consistent with our prior
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studies!”-18, immune cell populations were highly variable in abundance between patients
undergoing up-front resection, even when no selective pressure had been applied by
neoadjuvant treatment. Several studies have found associations between specific immune
cell densities and outcomes in PDAC; however, published data are inconsistent. In our
study, survival analyses revealed improved survival for patients with higher T-cell densities,
although these associations were largely due to higher CD4" helper T-cell densities,

rather than CD8* T-cell densities. Interestingly, several pre-clinical studies have reported

a potential direct anti-tumor effect driven by unique antigen-specific CD4" helper T cells, in
addition to a supportive role in orchestrating the CD8" cytotoxic T-cell response®6-48. Taken
together, these results suggest that factors beyond T-cell density, such as functional capacity
or the presence of immunosuppressive cells, may regulate T-cell response effectiveness in
PDAC.

By conducting unsupervised clustering using immune cell densities, we identified four
patterns of immune cell infiltration in resected PDAC. Furthermore, we found that the

“T cell-rich” cluster, characterized by high abundance of T cells and low density of
immunosuppressive granulocytes and M2-polarized macrophages, was associated with better
survival. Overall, these results suggest that the relative balance between anti-tumorigenic
immune cells, such as T cells and M1-polarized macrophages, and pro-tumorigenic myeloid
cells, such as M2-polarized macrophages and ARG1* granulocytes, is most important in
defining patient prognosis in localized PDAC, rather than individual cell densities. This
finding is consistent with our prior study8, which also noted that pancreatic tumors form
clusters based on the relative balance between major immune cell subtypes.

The immune microenvironment of neoadjuvant-treated, resected pancreatic cancer has not
been well characterized’-8:19-2244 |n the current study, we used mIF assays targeting a
total of 15 immune cell markers across three 7-plex panels and a machine-learning-based
analysis pipeline to analyze the distribution of immune cells in neoadjuvant-treated tumors.
We confirmed prior findings that FOLFIRINOX-based neoadjuvant treatment was associated
with higher cytotoxic CD3*CD8* T-cell density#°. We further found that neoadjuvant
therapy was associated with higher M1-polarized macrophage density and decreased
immunosuppressive granulocytes. Altogether, these results suggest that FOLFIRINOX-
based neoadjuvant therapy may alter the PDAC immune microenvironment by changing
the relative densities of specific immune cell subtypes, rather than globally increasing

the immune cell infiltrate. Notably, these results from patient tumors are consistent with
pre-clinical experimental studies that identify immune cell microenvironment alterations in
chemotherapy-treated PDAC mouse models®9-21,

Immune cell-tumor cell spatial interactions have been proposed as key factors in mediating
an effective anti-tumor immune response!1:52, While prior studies from our group and
others have reported that proximity of CD8* T cells and M2-polarized macrophages

to tumor cells are associated with patient survival in up-front resected PDAC11:17,

no studies have comprehensively analyzed tumor-immune cell spatial organization in
neoadjuvant-treated tumors. We found that neoadjuvant-treated tumors exhibited an
increased density of intraepithelial M1-polarized macrophages and greater co-localization of
M1-polarized macrophages with tumor cells. Furthermore, higher density of intraepithelial
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M1-macrophages and greater co-localization of M1-polarized macrophages with tumor

cells were both associated with better histological response to neoadjuvant therapy and
longer survival. Importantly, cytotoxic T cells were also located closer to tumor cells in
patients who received neoadjuvant chemotherapy compared to those who underwent up-
front resection. Together, these results suggest that neoadjuvant treatment may alter spatial
relationships between immune cells and tumor cells. Further investigation will be required to
determine whether these changes are casually related to chemotherapy or whether they are a
consequence of immunogenic cell death and may therefore represent a marker of therapeutic
responseZ0,

Our study has several limitations. While our multiplex immunofluorescence assays offer
high sensitivity and highly quantitative data coupled with subcellular resolution for
characterizing immune cells in fixed tissue, this approach requires marker and cell type
pre-specification. We did not profile all immune cell types of potential interest, and our
markers are not identical to those utilized in other studies, potentially limiting comparability
of results. We were also unable to analyze matched pre- and post-neoadjuvant therapy
specimens for individual patients, requiring us to infer changes due to neoadjuvant therapy
at the cohort level, rather than at the level of individual patients. Finally, due to the

typical 2-6 week time interval between completion of neoadjuvant therapy and subsequent
surgical resection, we were not able to formally distinguish between direct effects of
neoadjuvant therapy versus secondary responses to tumor cell death that may reshape the
tumor microenvironment.

Our study has important strengths. Our cohort of up-front resected PDAC was derived

from multiple institutions across the U.S. and had extensive clinicopathologic and molecular
annotation. Our mIF panels were designed to analyze markers specifically selected for
pancreatic cancer relevance and enabled phenotyping of immune cell subsets defined by
combinatorial marker expression, thereby overcoming limitations of singleplex IHC studies.
Supervised machine learning algorithms provided data at the single cell level, allowing for
more accurate phenotype determination than with simple pixel or threshold classification
approaches and enabled reporting of immune cell densities per square millimeter of tissue.
In comparison to qualitative or non-standardized assessments, our measurements provide

a benchmark for future pancreatic cancer tissue profiling studies independent of analysis
platform. For evaluation of neoadjuvant-treated cases, every individual block from the tumor
bed was reviewed to select the most representative tumor-containing block, enhancing
reproducibility for future analyses. Finally, our spatially-resolved approach enabled us to
identify a coordinated macrophage response in neoadjuvant-treated tumors characterized

not just by increased M1-polarized macrophage stromal density, but also by greater
proximity of M1-polarized macrophages to tumor cells. These prognostically-relevant shifts
in macrophage localization would not have been possible to infer by dissociative approaches
such as flow cytometry or single cell RNA sequencing.

In conclusion, we characterized the baseline immune microenvironment of resected
pancreatic cancer in a large multi-institutional cohort and found significant heterogeneity
in immune cell infiltration but also discrete patterns with prognostic significance. We also
determined that FOLFIRINOX-based neoadjuvant treatment was associated with shifts
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in the balance of multiple lymphoid and myeloid cell subpopulations towards an anti-
tumorigenic profile, resembling the features of up-front resected tumors with the most
prognostically favorable immune cell infiltration pattern. Furthermore, we demonstrated that
coordinated polarization shifts and spatial reorganization of macrophages are predictive of
histologic response and prognosis in neoadjuvant-treated patients. Altogether, these results
indicate that FOLFIRINOX-based neoadjuvant treatment modulates multiple aspects of the
primary pancreatic cancer immune microenvironment. These findings may be leveraged in
the design of new neoadjuvant treatment strategies.
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Translational relevance:

Using multiplex immunofluorescence and digital image analysis of formalin-fixed,
paraffin-embedded pancreatic cancer resections, we quantified and spatially characterized
T-cell, macrophage, and myeloid cell populations in patients who underwent up-front
surgery or received preoperative chemotherapy followed by surgery. In up-front resected
tumors, unsupervised clustering identified four classes of immune cell infiltration, one

of which was associated with improved patient survival and characterized by abundant T
cells and a paucity of immunosuppressive granulocytes and macrophages. Tumors treated
with neoadjuvant chemotherapy demonstrated increased cytotoxic T-cell and reduced
immunosuppressive myeloid cell densities, along with greater proximity of cytotoxic T
cells and M1-polarized macrophages to tumor cells. Understanding the changes to the
tumor immune microenvironment induced by chemotherapy will be of critical importance
as preoperative therapy is increasingly used for patients with resectable pancreatic
cancers.
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Figure 1. Overview of study cohort and analysis approach.

Two pancreatic ductal adenocarcinoma tissue cohorts were analyzed, including a primary
resection cohort and a neoadjuvant-treatment cohort (A). T cell subsets (helper and cytotoxic
T cells, including regulatory activity and naive/memory status), differentially-polarized
macrophages (M1- and M2-polarized macrophages, including strength of polarization)

and myeloid cell subsets (granulocytes and monocytes, including maturity and ARG1
immunosuppressive activity) were evaluated using three multiplexed immunofluorescence
panels (B). Combinatorial protein expression and cytomorphology data were analyzed by
multispectral digital image analysis and supervised machine learning to identify specific
cell types (C). Quantification of immune cell abundance was performed to measure immune
cell densities overall and within separate tissue compartments (tumor epithelium or stroma);
immune cell proximity to tumor cells was assessed by nearest neighbor distance (NND)

and the Gceross function; and regions of interest were analyzed to assess immune cell

heterogeneity (D).
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Figure 2. Immune cell landscape in up-front resected pancreatic ductal adenocarcinoma (PDAC).
Immune cell distributions across 270 PDACs organized by decreasing total cell density (top

grey bar plot). Heatmaps display the relative distributions (0-100%) of the non-overlapping
immune cell populations within the total cell count. Subsets included in this analysis

are displayed on the left. Macrophages with minimal polarization towards M1- or M2-
phenotypes are classified as mixed (A). Spearman correlation coefficients for densities of
major immune cell types and subtypes (B). Immune cell densities in tumor intraepithelial
and stromal regions (C). Boxplots depicting distances between individual immune cells
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and the closest tumor cell based on a total of 886,315 immune cells (D). Unsupervised
k-means clustering analysis of immune cell densities and their associations with the four
main PDAC genetic alterations and tumor mutational burden (E). Kaplan-Meier survival
curves comparing the T cell-rich cluster (C4) to a combined group of clusters C1-C3 (F).
Pvalues were calculated with the Wilcoxon rank-sum test and Kruskal-Wallis test. ** P
<0.005
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Figure 3. Associations of neoadjuvant therapy with immune cell profilesin the pancreatic cancer
microenvironment.

Immune cell composition of 30 up-front resected pancreatic ductal adenocarcinomas
(PDAC) and 36 cases that underwent neoadjuvant treatment (A). Examples of multiplex
immunofluorescence images and corresponding phenoplots for T-cell subsets, myeloid cell
subsets and macrophage polarization panel in up-front resected and neoadjuvant-treated
PDAC:s (B). Boxplots depicting the distribution of overall (combined intraepithelial and
stromal areas) immune cell densities in 30 up-front resected PDACs and 36 neoadjuvant-
treated cases (C). Immune cell composition of tertiary lymphoid follicles in 23 up-
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front resected PDACs and 25 neoadjuvant-treated cases (D). Sankey plot depicting the
relationship between neoadjuvant treatment status and the four main patterns of immune cell
infiltration detected using unsupervised k-means clustering analysis across both the up-front
resected and neoadjuvant cohorts (E). Scale bars represent 200um. P values were calculated
with Wilcoxon rank-sum test. ***: £<0.001, **: £<0.005, *: £<0.05
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Figure 4. The association of neoadjuvant treatment with macrophage spatial composition in the
pancreatic ductal adenocar cinoma (PDAC) microenvironment.

Macrophage densities in 29 up-front

resected and 35 neoadjuvant-treated PDACs (A).

Distribution of the immune cell-tumor cell G oss proximity analysis and nearest neighbor
distance (NND) in 29 up-front resected and 35 neoadjuvant-treated cases (B and C).
Hematoxylin and eosin (D) and mlF stained tumors (E) show examples of good and poor
histological response to treatment. Immune cell densities (F) and spatial analysis metrics
in 10 cases with a good histologic response and 25 cases with a poor histologic response
(G-H). Kaplan-Meier survival curves according to density of intraepithelial M1-polarized
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macrophages (1) and co-localization between tumor cells and M1-macrophages at 20 um
using the Ggyoss function (J). Scale bars represent 100um. Pvalues were calculated with the
Wilcoxon rank-sum test. ***: £<0.001, **: £<0.005, *: £<0.05
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Table 1.

Cox regression models for overall survival and disease-free survival according to immune cell clusters in the
primary resection cohort.

Overall survival (N=270) ¢

Immune cell No. of 'S\|/|Jre\(/jll\2/3:| 3-yr 0OS 5-yr OS Univariable HR p Multivariable HR p
duster 2 patients (mo) rate rate (95% CI) (95% ClI)
c4 68 26.0 36% 19% 1.00 (reference) 1.00 (reference)
1.49 161
C1-C3 202 17.7 27% 16% (1.06-2.07) 0.02 (1.14-2.28) 0.01
Disease-free survival (N=270) a
Immune cell No. of Median A Multivariable HR
duster b patients w(rrxlo\;al Univariate HR (95% CI) P (95% CI) P
c4 68 175 1.00 (reference) 1.00 (reference)
C1-C3 202 11.6 1.41 (1.00-1.97) 0.04 1.67 (1.16-2.39) 0.01

aCox proportional hazards regression model adjusted for age, sex, pathologic N stage (NO, N1, N2), tumor grade (well/moderately differentiated,
poorly differentiated, unknown), lymphovascular invasion (negative, positive, unknown), resection margin status (R0, R1, R2, unknown), and
receipt of adjuvant treatment.

blmmune cell clusters were defined by unsupervised k-means clustering analysis of 270 tumors from the primary resection cohort and based on
normalized immune cell densities from non-overlapping immune cells. C4 represents “T cell-rich” cluster and “C1-C3” refers to combination of the
three remaining clusters: C1 (“Immunosuppressive granulocyte and M2-polarized macrophage-rich™), C2 (“Immunosuppressive granulocyte and
M1-polarized macrophage-rich™), and C3 (“T cell and M2-polarized macrophage-rich”).

Abbreviations: Cl: confidence interval; HR: hazard ratio; IQR: interquartile range; mo: months; OS, overall survival
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Immune cell densities within intraepithelial and stromal regions in patients who underwent up-front surgery or
received neoadjuvant chemotherapy prior to surgery

Intraepithelial Regions (cellsmm?)

Immune cell subset Up-front surgery (n=30) a Neoadjuvant treated (n=36) a p b
CD3* T cells 115 (54-243) 136 (85-311) 0.71
CD3*CD4* 73 (31-152) 43 (25-116) 0.08
CD3*CD8* 27 (16-89) 82 (36-127) 0.02
CD15" granulocytes 74 (32-237) 124 (50-256) 0.17
CD15*ARG1* 33 (12-205) 28 (12-78) 0.30
CD15*ARG1~ 23 (5-54) 60 (31-179) <0.01
CD14* monocytes 130 (36-200) 263 (130-490) <0.01
Macrophages 105 (82-198) 647 (350-1071) <0.01
M1-polarized macrophages 30 (16-61) 290 (141-501) <0.01
M2-polarized macrophages 13 (8-34) 42 (13-69) 0.02
Stromal Regions (cellsmm?)
Immune cell subset Up-front surgery (n=30) a Neoadjuvant treated (n=36) a p b
CD3* T cells 619 (407-997) 600 (337-912) 0.91
CD3*CD4* 462 (305-719) 329 (146-548) 0.09
CD3*CD8* 132 (80-264) 225 (147-416) 0.01
CD15" granulocytes 95 (59-539) 73 (34-190) 0.15
CD15*ARG1* 73 (39-464) 38 (12-66) <0.01
CD15*ARG1~ 51 (11-79) 36 (19-105) 0.42
CD14* monocytes 604 (331-1001) 524 (382-824) 0.76
Macrophages 888 (662-1038) 782 (586-1153) 0.90
M1-polarized macrophages 120 (57-160) 159 (101-381) 0.02
M2-polarized macrophages 231 (146-353) 189 (98-268) 0.03

a. .. .
Median (interquartile range,

IQR)

b . .
Pvalues were calculated with the Wilcoxon rank-sum test
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