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Abstract

Purpose.—While abundant myeloid cell populations in the pancreatic ductal adenocarcinoma
(PDAC) microenvironment have been postulated to suppress anti-tumor immunity, the
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composition of these populations, their spatial locations, and how they relate to patient outcomes
are poorly understood.

Experimental Design.—To generate spatially-resolved tumor and immune cell data at single
cell resolution, we developed two quantitative multiplex immunofluorescence assays to interrogate
myeloid cells (CD15, CD14, ARG1, CD33, HLA-DR) and macrophages [CD68, CD163, CD86,
interferon regulatory factor 5 (IRF5), MRC1 (CD206)] in the PDAC tumor microenvironment.
Spatial point pattern analyses were conducted to assess the degree of co-localization between
tumor cells and immune cells. Multivariable-adjusted Cox proportional hazards regression was
used to assess associations with patient outcomes.

Results.—In a multi-institutional cohort of 305 primary PDAC resection specimens, myeloid
cells were abundant, enriched within stromal regions, highly heterogeneous across tumors, and
differed by somatic genotype. High densities of CD15*ARG1* immunosuppressive granulocytic
cells and M2-polarized macrophages were associated with worse patient survival. Moreover,
beyond cell density, closer proximity of M2-polarized macrophages to tumor cells was strongly
associated with disease-free survival, revealing the clinical significance and biologic importance of
immune cell localization within tumor areas.

Conclusions.—A diverse set of myeloid cells are present within the PDAC tumor
microenvironment and are distributed heterogeneously across patient tumors. Not only the
densities but also the spatial locations of myeloid immune cells are associated with patient
outcomes, highlighting the potential role of spatially-resolved myeloid cell subtypes as
quantitative biomarkers for PDAC prognosis and therapy.

Translational Relevance.—Using multiplex immunofluorescence combined with digital image
analysis and supervised machine learning, we comprehensively evaluated the composition, spatial
characteristics and prognostic significance of myeloid cells in the PDAC microenvironment in a
multi-institutional cohort of >300 patients with resected pancreatic ductal adenocarcinoma
(PDAC). Myeloid cells were highly abundant in the human PDAC microenvironment with large
inter-tumor heterogeneity. Not only the densities but also the spatial locations of myeloid immune
cells were associated with patient outcomes, revealing PDAC microenvironmental complexity with
important implications for design and interpretation of immunotherapy clinical trials.

Keywords
macrophage; myeloid immune cell; pancreatic cancer; spatial analysis; tumor microenvironment

INTRODUCTION

Pancreatic cancer is currently the fourth leading cause of cancer-related death in the western
world (1,2) and has a 5-year survival rate of less than 9% (1). Over the past several decades,
improvements in patient outcomes have been modest (3), reflecting both the lack of effective
tools for early detection and a paucity of treatment options, especially for patients with
advanced disease (3). While recent advances in immunotherapy have been important to the
treatment of a broad variety of cancers, pancreatic ductal adenocarcinoma (PDAC) has
proven resistant to treatment with immune checkpoint blockade (ICB), with efficacy shown
only in the small subset of patients with microsatellite instability-high (MSI-H) tumors,
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representing less than 1% of patients (4). One of the presumed contributors to ICB therapy
resistance in PDAC is an immunosuppressive tumor microenvironment (5).

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature
myeloid cells that can be divided into two subpopulations, polymorphonuclear MDSCs
(PMN-MDSC) and monocytic MDSCs (M-MDSC), based upon their phenotypic and
morphologic resemblance to neutrophils and monocytes, respectively (6). The common
characteristic of these cells is their ability to suppress adaptive Tcell immunity by blocking
the proliferation and activity of T lymphocytes in the tumor microenvironment, thereby
attenuating anti-tumor immunity (7). Additionally, preclinical studies have shown that
MDSCs may play a role in tumor angiogenesis and in formation of the pre-metastatic niche
(8,9). A growing body of evidence indicates that higher levels of circulating MDSCs are
associated with advanced disease stage, poor prognosis, and treatment failure across tumor

types (5).

Tumor-associated macrophages (TAMs) form an important subpopulation of mature myeloid
immune cells. Previous studies in several tumor types have reported an association between
higher macrophage density and worse clinical outcome, although contradictory results have
been reported (10). Traditionally, macrophages are divided into a pro-inflammatory and anti-
tumorigenic M1-phenotype, and an anti-inflammatory and pro-tumorigenic M2-phenotype
(10). However, this traditional categorization is increasingly recognized as an over-
simplification, as macrophages exist on a spectrum of polarization states between the M1
and M2 phenotypic extremes and exhibit functional plasticity within the tumor
microenvironment (11,12).

Despite a potentially important role for pro- and anti-inflammatory myeloid populations in
the PDAC microenvironment, the lack of single protein markers to identify these populations
has precluded detailed histologic analysis. However, recent advances in multiplex
immunofluorescence (mIF) and digital image analysis have enabled simultaneous
examination of multiple protein targets in a single tissue section, providing unique insights
into cell phenotypes (13). Furthermore, improved spatial point pattern analysis methods
allow for better characterization of cellular proximity in the tumor microenvironment and its
potential clinical implications (14). We leveraged these advances to develop novel mIF
panels and interrogated over 300 surgically resected PDACs with dense clinical and genomic
annotation to define the landscape, spatial distribution, and prognostic implications of
myeloid cells in the PDAC microenvironment.

MATERIALS AND METHODS

Patients

The study population consisted of patients with PDAC who underwent up-front
pancreatectomy with curative intent at the Dana-Farber/Brigham and Women’s Cancer
Center (DF/BWCC) between 10/26/2002 and 05/21/2012, at the University of Rochester
Medical Center (URMC) between 03/01/2006 and 11/01/2013, and at the Stanford Cancer
Institute (SCI) between 09/26/1995 and 05/22/2013 (Supplementary Table S1). Tumor tissue
blocks were collected for histologic and molecular evaluation and for construction of tissue
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microarrays (TMAs). The TMASs were constructed by collecting two 1 mm? cores from each
formalin-fixed paraffin-embedded (FFPE) tumor block. The cores were chosen from tumor
areas that exhibited representative overall morphology and immune cell infiltration.
Clinicopathological data such as sex, age at surgery, type of pancreatic resection,
perioperative chemotherapy/radiotherapy, tumor location, AJCC (7" ed.) pT and pN stages,
histologic grade, lymphovascular invasion, and resection margin status were collected from
the medical records and by histology slide review, as previously described (15). No patients
who had received chemotherapy and/or radiotherapy before surgery were included in the
study population. The status of KRAS, CDKNZA, SMAD4 and TP53was determined using
a combination of sequencing and immunohistochemistry, as previously described (15).
Patients treated at DF/BWCC signed written informed consent for participation in the study,
whereas, at URMC and SCI, informed consent was waived as patients were identified
retrospectively, according to institutional review board (IRB)-exempt protocols. The study
design was approved by the IRB at each institution. The study was conducted in accordance
with the U.S. Common Rule.

OS was defined as time between surgery and death for any reason. Patients with metastatic
disease at resection and with 30-day or in-hospital mortality were excluded from the OS
analyses (n=18). DFS was defined as time between surgery and disease recurrence, and four
additional patients with R2 resection margin status were excluded from these analyses
(Supplementary Figure S1).

Multiplex immunofluorescence

Two mIF panels were developed to characterize myeloid cells in the PDAC immune
microenvironment. The first panel includes: (a) two myeloid lineage markers: CD14 for the
monocytic lineage and CD15 for the granulocytic lineage (6), (b) a suppressive marker
ARG1 (16), and (c) two myeloid differentiation markers: CD33, a transmembrane sialic
acid-binding receptor highly expressed on myeloid cells in their early stages of maturation
(6,17), and HLA-DR, the MHC class Il cell-surface receptor that presents antigens and is
commonly highly expressed on differentiated macrophages (18) (Supplementary Figure S2).
The second panel was designed to identify macrophages and characterize their M1-M2
polarization state. We employed CD68 and CD163 as macrophage markers, defining cells
expressing either or both of these markers as macrophages, but inadequate sensitivity as
single markers (19,20). The polarization state of each macrophage was then assigned by a
comparative calculation of the intensities of M1 polarization (CD86 and IRF5) (10) and M2
polarization (scavenger receptors CD163 and MRC1) markers (10), thereby allowing
placement of each identified macrophage at a point on a polarization spectrum. Both panels
included 2-(4-amidinophenyl)-1H -indole-6-carboxamidine (DAPI) as a nuclear marker and
cytokeratin to identify epithelial cells.

All antibodies were first optimized via chromogenic IHC in PDAC or normal lymph node
tissue samples to ensure contextual specificity. The antibodies were then tested in IF, and
fluorophore pairings and concentrations were iteratively modifed to maximize the signal-to-
noise ratio. Antibodies were then combined into two seven-marker mIF panels in a manner
that minimized spectral and spatial overlap and produced results that matched single-plex
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IHC (Supplementary Figure S3). The miF staining protocol, consisting of sequential rounds
of antigen retrieval, antigen detection, and fluorescent labeling using tyramide signal
amplification, was performed on a Leica BOND RX Research Stainer (Leica Biosystems,
Buffalo, IL) using 4-um-thick sections of formalin-fixed paraffin-embedded (FFPE) PDAC
TMASs (n=7) (Supplementary Figure S4, Supplementary Tables S2 and S3). All slides for
each mlF panel were processed in a single batch, yielding fluorescence signal intensities for
each marker that were similar across TMAs (Supplementary Figure S5).

Myeloid cell detection

Stained slides were scanned at 200x magnification and spectrally unmixed using an
automated multispectral imaging system (Vectra 3.0, Akoya Biosciences, Hopkinton, MA).
Only tumor cores containing invasive adenocarcinoma in at least 5% of total tissue area and
which were free of artifacts were selected for further analysis, resulting in an exclusion of 40
tumors from the myeloid cell panel data and 35 tumors from the macrophage panel data.
Supervised machine learning algorithms (InForm 2.4.1, Akoya Biosciences) were
sequentially employed to perform tissue segmentation, cell segmentation, and cell
phenotyping (Supplementary Figure S2), as previously described (13). For the myeloid cell
panel, the phenotyping algorithm was trained to identify four cell phenotypes (granulocytic
lineage cells: CD157CD14~CK™, monocytic lineage cells: CD15"CD14*CK™, tumor
epithelial cells: CD15"CD14~CK™* and other cells: CD15"CD14CK™ ), while the
phenotyping algorithm for the macrophage panel recognized three phenotypes
(macrophages: CD68* and/or CD163™, tumor cells: CD68"CD163"CK™* and other cells:
CD68°CD163 CK").

The single cell level data exported from InForm was further processed with the R statistical
programing language (version 3.5.3, R Foundation for Statistical Computing, Vienna,
Austria). In the myeloid panel, expression levels of HLA-DR (cytoplasm), CD33
(cytoplasm), ARG1 (cytoplasm) and MRC1 (cytoplasm) were used to further classify
myeloid cells according to their maturation state and potential ARG1-dependent suppressive
activity (Figure 1, Supplementary Figure S2).

To evaluate the polarization state of each macrophage, we first standardized the scale of each
polarization marker by calculating signal intensity z-scores within each TMA starting from
the mean intensity from each marker in the relevant subcellular compartment of every cell
(CD86: cytoplasm, IRF5: nucleus, CD163: cytoplasm, MRC1: cytoplasm). Next, we
calculated an M1-M2 index, using percentiles of the scaled intensity z-scores, as
“(CD86+IRF5) - (CD163+MRCL1)” (Figure 1). In this approach, a high M1-M2 index
indicates polarization toward an M1-like phenotype, while a low M1-M2 index indicates
polarization toward an M2-like phenotype. For our main analysis, we evaluated
macrophages within the most extreme quartiles (15t and 4t") of the polarization spectrum,
thereby focusing on more highly polarized phenotypes (Figure 1).

Evaluation of myeloid cell spatial distribution

To evaluate spatial relationships between myeloid cells and tumor cells beyond tissue
compartments (7.e. tumor and stroma), we conducted spatial analyses using the “nearest
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neighbor distance” (NND) and Gcross functions implemented in the spatstat package in R.
NND analysis was conducted by calculating the distance (um) from each point 7 (/.e.
immune cell) to its nearest neighbor point  (7.e. tumor cell) and Gcross analysis was
conducted to estimate the probability of finding at least one point j (7.e. immune cell) within
a specified radius (um) of any point 7 (Z.e. tumor cell) (Supplementary Figure S6). The
Kaplan-Meier (km) method was employed to correct for edge effects due to unobservable
points in Geross analysis. We selected radii of 10um, 20 um, and 30 um for study, as it has
been previously suggested that these distances represent physiologically plausible distances
for direct cell-cell interactions (14).

Statistical analyses

Myeloid cell densities and spatial measurements were categorized into quartiles by
institution. If a cell population had zero density in more than 25% of patient tumors, then the
first quartile was defined as all patient tumors with no detected cells of that phenotype and
the remaining patients were divided into three equal groups based on cell population density
to form quartiles 2, 3, and 4. Cox proportional hazards regression was used to compute HRs
and 95% Cls for DFS and OS. The proportional hazards assumption was satisfied by
evaluating a time-dependent variable, which was the product of the exposure variable and
time (all 2> 0.05). A trend test was performed by including quartile-specific medians as a
continuous variable in the Cox regression models and evaluating the Wald Chi-Squared test.
In survival analyses, we performed univariable analyses and adjusted for potential
prognostic factors in multivariable models as done previously in this patient cohort.
Multivariable-adjusted models included age, sex, pathologic N stage (NO, N1, Nx), tumor
grade (well/moderately differentiated, poorly differentiated, unknown), lymphovascular
invasion (negative, positive, unknown), resection margin status (R0, R1, R2, unknown), and
receipt of perioperative treatment (15). To evaluate whether Giymor:m2 could predict DFS
independent of M2-polarized macrophage densities, we used a residual method to account
for the high correlation between the two variables (r=0.8). We calculated the residual from a
linear regression model in which M2-polarized macrophage density was an independent
variable and Gymor-m2 Was the dependent variable. Thus, the residual is an estimate of
spatial proximity uncorrelated with cell density. Then, we assessed the association between
the residual, as categorized by quartiles, and DFS. Kaplan-Meier curves were constructed to
graphically demonstrate survival for time to event analyses and to provide median survival
times based upon immune cell exposures. The log-rank test was used to evaluate statistical
significance. The Wilcoxon rank-sum test was used to evaluate the association of myeloid
cell densities with tumor and patient characteristics. No statistically significant heterogeneity
by institutional cohort was identified for major immune cell types and DFS (all P-
heterogeneity >0.05), including CD15*ARG1" cell density, M2-polarized macrophage
density, and M2-polarized macrophage spatial localization by Gcross function. Two-sided P
values of <0.05 were considered statistically significant. All statistical analyses were
performed with SAS 9.4 software (SAS institute, Cary, NC, USA).
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Myeloid cell densities in resected pancreatic cancer

Two mIF panels were developed to characterize myeloid cells in the PDAC immune
microenvironment (Figure 1). The first panel was designed to identify CD14* monocytic
lineage cells and CD15" granulocytic lineage cells and assess their ARG1-dependent
suppressive potential (ARGL; arginase-1) and maturity (CD33, HLA-DR). The second panel
identified macrophages and evaluated macrophage polarization by a comparative calculation
of the intensities of M1 polarization (CD86 and IRF5, interferon regulatory factor 5) (10)
and M2 polarization [scavenger receptors CD163 and MRC1 (CD206)] markers (10),
thereby allowing placement of each identified macrophage at a point on a polarization
spectrum.

Resected PDACs were analyzed from 305 patients treated at three cancer centers in the
United States (Supplementary Table S1). All patients underwent up-front surgical resection,
yielding 121 (40%) patients with poorly differentiated tumors and 211 (69%) with lymph
node positive disease. Of the 305 patients, the median age was 67 (range, 59-73) years, and
138 (45%) were women. Germline and somatic alterations, such as KRAS, CDKNZA,
SMADA4 and TP53 mutations, for these patients have been described previously (15,21) and
are similar to those seen in other large cohorts of patients with PDACs (22,23). In total,
159,033 CD15* granulocytic cells, 219,379 CD14* monocytic cells, 462,481 macrophages,
and 812,758 (myeloid panel)/973,761 (macrophage panel) tumor cells were phenotyped
using our myeloid cell and macrophage-focused mIF panels. Cell densities were obtained
from 496 tumor cores for the myeloid cell and 513 tumor cores for the macrophage panel,
yielding data for 290 (average 1.7 cores/tumor) and 296 tumors (average 1.7 cores/tumor),
respectively. To evaluate the representativeness of tissue cores for the original tumor, whole-
slide sections were also evaluated for 27 cases with the myeloid cell panel and 29 cases with
the macrophage panel. Spearman correlation coefficients between the cell densities in TMA
cores and whole-slide sections were 0.83 for CD15* myeloid cells, 0.58 for CD14* myeloid
cells and 0.46 for macrophages (Supplementary Figure S7).

Overall, myeloid cells were present in high abundance (on average, one myeloid cell for
every 2.1 tumor cells) and myeloid cell subtype densities varied widely across tumors (8.8-
fold difference between the 10t and 90t total myeloid immune cell density percentiles)
(Figure 2, Supplementary Table S4, Supplementary Figure S8). Examination of specific
myeloid cell types revealed that monocytic lineage cells (CD14") were more common than
granulocytic lineage cells (CD15™), and both cell types had higher densities in stromal
compared with intraepithelial regions (all ~<0.05). ARG1 expression was common in
granulocytic cells but rare and dim, if present, in monocytic cells. Strong CD33 expression,
suggestive of an immature myeloid cell phenotype, was rare in both monocytic and
granulocytic cells, while the maturity marker HLA-DR was commonly expressed on CD14*
cells. Macrophage density (in particular, M2-polarized macrophage density) was
substantially higher in stromal compared with intraepithelial areas [median
stromal:intraepithelial macrophage ratio 5.8 (for M2-polarized macrophages 7.4), both P
<0.05].
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Myeloid cell subsets, clinicopathologic characteristics, and PDAC driver gene alterations

Given the high abundance and substantial interpatient variability of myeloid cells in the
PDAC microenvironment, we tested whether myeloid cell densities were associated with
clinicopathologic characteristics or alterations in the four main PDAC driver genes (KRAS,
CDKNZA, SMAD4, and TP53) (15). No statistically significant associations were found
between myeloid cell densities and clinicopathological characteristics such as age, sex,
pathologic T and N stage, tumor grade, perineural invasion, or lymphovascular invasion,
with the exception of the associations between higher density of overall macrophages and
M1-polarized macrophages with nodal metastases (P=0.02 and P=0.01, respectively)

( Supplementary Table S5). We next examined PDAC driver gene alterations and myeloid
cell densities (Supplementary Table S6). Higher CD15* granulocytic cell density was
associated with 7P53alterations (P=0.04), due to higher densities of both CD15*ARG1*
and CD15*ARG1™ cells in 7P53-altered tumors. Lower CD14* monocytic cell density,
mostly representing CD14*ARG1" cells, was associated with SMAD4 inactivation (P=0.04).
In the macrophage panel, higher overall macrophage density was associated with 7P53
alterations (~£=0.04). Thus, the densities of myeloid immune cell populations were not
associated with clinicopathologic characteristics in our patient cohort, but these populations
did vary according to driver gene status.

Myeloid cell densities and patient outcomes

Patients with resected PDAC have a high risk for disease recurrence and many have short
overall survival times (24-26). The likelihood of long-term survival has been associated with
several pathologic factors, such as lack of lymph node involvement and tumor differentiation
(27,28), but also T cell infiltration and quantity and quality of tumor neoantigens (14,29,30).
We hypothesized that outcomes in patients with resected PDAC would be associated with
myeloid immune cell population densities, and particularly that poor survival would be
associated with greater tumor infiltration by immunosuppressive myeloid cell populations.
Given that several of the detected cell phenotypes were rare in the PDAC microenvironment
(Supplementary Table S4), we focused subsequent analyses on the main myeloid cell
lineages further classified by ARG1 expression (/.e. CD15*ARG1* and CD15*ARG1;
CD14*ARG1* and CD14*ARG1") as well as M1- and M2-polarized macrophages. Among
these cell types, ARG1* granulocytic and monocytic myeloid cells, along with M2-polarized
macrophages, were hypothesized to have the highest potential for orchestrating an
immunosuppressive microenvironment and limiting disease control.

Univariable Cox regression models and Kaplan-Meier curves revealed associations between
higher overall CD15*ARG1* granulocytic cell density and shorter disease-free survival
(DFS; median DFS time for the top vs. bottom quartile, 9.9 months vs. 17.1 months; Table 1,
Supplementary Figure S9). The median CD15*ARG1* cell density in the bottom quartile
was 6.6 cells/mm?2, compared with 545.2 cells/mm? in the top quartile, again demonstrating
the high degree of variability in myeloid cell infiltration across patient tumors. In a
multivariable-adjusted Cox regression model, the association between higher overall
CD15"ARG1* cell density and worse DFS was independent of other covariates (top versus
bottom quartile: hazard ratio (HR) 1.82, 95% confidence interval (Cl) 1.19-2.77, Pyend =
0.002) (Table 1), whereas no significant association was observed between this population
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and OS (Supplementary Table S7). To further investigate this cell population, CD15*ARG1*
cells were classified based upon their location in either stromal or intraepithelial regions.
The association of stromal CD15*ARG1"* cell density was strongly associated with worse
DFS when comparing the top to the bottom quartile (HR 1.95; 95%Cl, 1.25-3.02;
Pyreng=0.002; Supplementary Table S8). Similar results were seen in analyses of overall
survival (OS), with patients in the top quartile of CD15"ARG1* granulocytic cell density
having shorter median OS time than those in the bottom quartile (16.9 versus 26.7 months,
Supplementary Table S7, Supplementary Figure S9).

In contrast to CD15*ARG1* granulocytic cells, few CD14*ARG1* monocytic cells were
present in the PDAC microenvironment and CD14*ARG1* cell density was not associated
with DFS or OS in univariable or multivariable-adjusted models (Table 1; Supplementary
Table S7). Densities of the ARG1™ myeloid cells (CD15*ARG1™ and CD14*ARG1") were
also not associated with DFS or OS (Table 1, Supplementary Table S7). Myeloid cells
undergo a stepwise process of maturation as they acquire their terminally differentiated
phenotypes. Given that myeloid cells with varying degrees of maturation could be recruited
to the tumor microenvironment, this may result in functional differences for these cell
populations based on their cell maturity. In an exploratory analysis by cell maturity, higher
overall CD14"HLA-DR*CD33" cell density, representing a mature/differentiated monocytic
cell, was associated with better DFS and OS (Supplementary Table S9).

We next examined the association of infiltrating macrophages with clinical outcomes in our
patient population with resected PDAC. In univariable analyses, higher macrophage density
overall and in stromal regions was associated with modestly worse DFS, but the associations
were attenuated with multivariable adjustment and not evident for OS (Supplementary Table
S10). When macrophages were classified according to polarization status, higher overall and
stromal M2-polarized macrophage densities were also modestly associated with worse DFS,
while M1-polarized macrophage densities were not (Table 2, Supplementary Table S11).
Given that the relative balance of M1-polarized versus M2-polarized macrophages may be
more important than their densities considered separately, we also calculated M1:M2 density
ratios but found no associations with survival (data not shown). Although these data
somewhat supported the hypothesis that M2-polarized macrophage densities are associated
with worse patient outcomes, the associations were modest in magnitude and less
pronounced than for CD15*ARG1* granulocytic cell densities.

Spatial location of myeloid cells and patient outcomes

During the course of image analysis, we observed that macrophages near tumor cells often
expressed high levels of M1 markers (CD86 and IRF5) whereas macrophages with higher
M2 marker (CD163 and MRC1) intensities were often located further from tumor cells
(Figure 3). To verify this observation, we performed a “nearest neighbor distance” (NND)
analysis, measuring the distance from each M1-polarized or M2-polarized macrophage to
the nearest tumor cell (Figure 3). This analysis revealed that M1-polarized macrophages
were, on average, closer to tumor cells than M2-polarized macrophages. We also expanded
this evaluation to include the spatial location of granulocytic CD15* and monocytic CD14*
cells and found that CD15* cells lie closer to tumor cells as compared to CD14* cells. These
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findings led us to hypothesize that differential spatial locations for M1- and M2- polarized
macrophages might represent differences in their biologic function with prognostic
significance. To more precisely model the spatial relationships between tumor cells and
macrophages, we utilized the Gcross (Giumor:macrophage) function to evaluate the probability
of a tumor cell co-localizing with at least one macrophage within a specified radius. High
Gtumor:macrophage Values indicate a high density of macrophages located close to tumor cells.
Consistent with the NND analysis, Giymor:m1 Was higher than Gyymor:m2 across radii of 10
um, 20 um, and 30 pm (Figure 4). To test whether proximity between tumor cells and
differentially polarized macrophages was associated with patient outcomes, we conducted a
Cox regression analysis using Gcross function values at varying radii. This analysis
indicated that high Gyymor:m2 at radii of 10 um, 20 um, and 30 um were associated with
worse DFS independent of potential confounders (Table 2, Figure 4, Supplementary Table
S12). For example, the univariable- and multivariable-adjusted HRs for DFS were 1.83
(95%CI 1.25-2.70; Pireng=0.004) and 1.72 (95%CI 1.14-2.60; Py,~0.009), comparing the
top to the bottom quartile of Gcross function values at a radius of 20 um for M2-polarized
macrophages (Table 2). In contrast, no associations were found between M1-polarized
macrophage spatial location and DFS using the Gymor:m1 Metric (Table 2, Figure 4,
Supplementary Table S12). Similar findings were identified in analyses of OS
(Supplementary Table S12). Thus, the proximity of immunosuppressive M2-polarized
macrophages to tumor cells was strongly associated with patient survival.

To evaluate the relative contributions of M2-polarized macrophage density and spatial
location to patient survival, we categorized patients into four groups based on the M2-
polarized macrophage density and Gcross function values. Patients with tumors harboring a
higher density of M2-polarized macrophages and a higher Gyymor:m2 function values (/.e.
M2-polarized macrophages located closer to tumor cells) had the worst DFS across radii of
10 pm, 20 pm, and 30 pum (Supplementary Table S13), although Gcross values appeared to
contribute more strongly than macrophage densities to the associations with patient survival.
Thus, we examined the independent contributions to patient survival of M2-polarized
macrophage density and proximity to tumor cells. Notably, the association between high
Giumor:m2 function values and shorter DFS was independent of cell density (Supplementary
Table S14), emphasizing the importance of considering immune cell location relative to
tumor cells.

DISCUSSION

The PDAC microenvironment is characterized by a dense, fibrotic stroma and prominent
myeloid cell infiltration, which is thought to contribute to localized immunosuppression that
impedes adaptive Tcell immunity (4). Nevertheless, PDAC patients with high T cell
infiltration in the tumor microenvironment and neoantigen qualities promoting T cell
responses have improved survival (29,30). These results suggest that therapies combining
immune checkpoint blockade and inhibitors of immunosuppressive myeloid cells could
potentially serve as an effective therapeutic strategy for patients with PDAC (31-33). While
such strategies have shown promise in pre-clinical studies and early clinical trials (31,34),
such approaches remain limited by our incomplete understanding of myeloid cell
populations in human PDAC. In the current study, we analyzed the composition, spatial

Clin Cancer Res. Author manuscript; available in PMC 2022 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Véyrynen et al.

Page 11

characteristics, and prognostic significance of myeloid cells in a multi-institutional cohort of
over 300 resected PDAC specimens. We found that the PDAC microenvironment was
characterized by high numbers of granulocytic and monocytic myeloid cells, but with large
inter-patient variability in density and location of these cell types. Notably, composition and
spatial locations of myeloid cells were strong, independent predictors of patient outcomes.
In particular, high density of CD15*ARG1* granulocytes was associated with significantly
shorter survival time, but a similar relationship was not identified for macrophages.
However, patients with closer proximity of M2-polarized macrophages to tumor cells had
significantly worse survival after cancer resection, suggesting that not only cell densities but
also their spatial location have important clinical implications. Furthermore, myeloid cell
densities were associated with alterations in PDAC driver genes, suggesting that tumor
intrinsic factors may influence the PDAC microenvironment and hold importance in
understanding therapeutic efficacy for ongoing immune-oncology clinic trials. While a
previous study reported an association between SMAD4 inactivation and high CD15*
myeloid cell density in PDAC (35), our study could not replicate this finding. However, we
observed that higher CD15" granulocytic cell density was associated with 7/P53 alterations,
and lower CD14* monocytic cell density was associated with SMAD4 inactivation.

Many of the previously published studies focused on myeloid cells in PDAC have
investigated mouse models (36,37) or circulating myeloid cells in peripheral blood (38-42).
However, murine myeloid cell populations are not fully analogous to human myeloid cell
populations, and myeloid cells in the peripheral circulation are often different from their
tissue-resident counterparts (6,43,44). Previous studies with human tissue cohorts have
suggested associations between immunosuppressive myeloid cells and worse patient
outcomes, but these studies have been limited by relatively small sample size or limited
marker detection strategies (41,45-48). Furthermore, these prior studies have primarily
focused on overall myeloid cell densities, without assessing cell subtypes or evaluating
spatial relationships with tumor cells. In the current study, we utilized multiplex IF panels to
characterize the expression of multiple markers in myeloid cells at single cell resolution. We
found that myeloid cell densities were significantly higher in stromal areas than
intraepithelial areas, and that monocytic cells were, on average, more common than
granulocytic cells. Despite their lower abundance, granulocytic cells expressed ARG1 at
much higher levels than monocytic cells, consistent with prior studies in other tumor types
that identified PMN-MDCSs frequently employing ARG1 as a mechanism for Tcell
suppression (41,46). Similarly, while monocytic cells have been reported to suppress Tcell
function via an ARG1-dependent mechanism in some infectious diseases, such as with
hepatitis C and human deficiency virus (HIV) infections, the role of the ARG1 pathway in
tumor-associated monocytic cells has remained controversial (49). We also found that higher
CD15*ARG1* granulocytic cell density was associated with worse clinical outcomes.
Although granulocytic cells may use other mechanisms, such as reactive oxygen species
(ROS) production, to suppress Tcell activity (6), our findings suggest that ARG1 expression
may represent one of the key characteristics defining prognostically divergent populations of
CD15* cells in the PDAC microenvironment.

Prior studies have reported increased levels of MDSCs, especially PMN-MDSCs, in PDAC
tissue relative to healthy control pancreas and also in PDAC tissue upon tumor progression
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(39-41). Our study suggested that both immature granulocytic (CD157CD33*) and
monocytic cells (CD14*HLA-DR™CD33*), regardless of ARG1 expression, were
uncommon in the PDAC microenvironment. While our resection cohort precludes evaluation
of myeloid cell dynamics over time, these results suggest a high degree of plasticity within
myeloid cell populations and raise the possibility that myeloid cells rapidly mature and
differentiate when they exit the circulation and enter the tumor microenvironment.
Nevertheless, a continuum is likely present between immature myeloid cells and their
differentiated progeny, and the precise relationships between PMN-MDSCs and neutrophils,
as well as M-MDSCs and TAMs, in the PDAC microenvironment requires further study
(18,43).

Higher density of macrophages in the PDAC microenvironment has been associated with
worse prognosis (10). However, estimates of M1- and M2-polarized macrophages in PDAC
have varied greatly, likely due to variability in marker selection and methods used for their
detection (12,48,50,51). Since no known protein markers are exclusive for M1 or M2
subpopulations, accurate assignment of macrophage polarization states necessitates
combinatorial, multi-marker approaches. We investigated the macrophage polarization
spectrum at the single cell level based on the simultaneous measurement of four polarization
markers with construction of a polarization index. Furthermore, recent advances in spatial
analysis methodologies have enabled more sophisticated exploration of the spatial
relationship between immune and tumor cells (14,52). We found that M1-polarized
macrophages were located, on average, closer to tumor cells than M2-polarized
macrophages. This result is similar to that from a recent study of gastric cancer (53), and
suggests an interplay between tumor cells and mechanisms that govern macrophage
polarization. By combining a novel, multi-marker, macrophage polarization index and single
cell localization approaches, we identified a strong association between proximity of M2-
polarized macrophages to tumor cells and patient outcomes. These results highlight the
importance of considering spatial relationships of immune and tumor cells, in addition to the
presence or absence of specific immune cell subtypes in the tumor microenvironment.

Our study has several limitations that require consideration. Although our mIF approach
simultaneously incorporated more myeloid cell markers than possible using traditional IHC
and enabled us to investigate the overall landscape of immunosuppressive cells in the PDAC
microenvironment, a consensus set of protein markers for MDSCs has not yet been defined
and therefore differences in marker selection exist across studies (6,49). Thus, future studies
incorporating alternative myeloid cell markers could reveal additional insights into the
significance of myeloid cells in PDAC. Our study concentrated on immunosuppressive cells
in the myeloid lineage but did not include markers for other immune cell types or non-
immune cells such as fibroblasts, necessitating future studies to evaluate the importance of
these other cell types in the PDAC microenvironment. Thus, future studies will be needed to
assess which immunosuppressive cells influence T cell exclusion and exhaustion in the
PDAC microenvironment. Our study was performed using TMASs that contain cores from
representative areas of each tumor. To maximize the generalizability of the findings to whole
tumor mass, we examined multiple cores from each tumor and combined the results to better
estimate immune cell densities for patients with resected PDAC. Furthermore, we compared
tissue cores to whole slide sections in a subset of cases and identified moderate to high
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correlations. Our study tested several hypotheses, increasing the risk of type | statistical
error. However, our study was hypothesis-driven and based on a strong biologic rationale for
the importance of immunosuppressive myeloid cell types in the tumor microenvironment.
Furthermore, immune cell subsets can be related to one another, as can occur when daughter
cells with distinct phenotypes are derived from the same ancestor cell. Nevertheless,
independent studies are needed to confirm the described findings.

Our study also has important strengths. Our cohort of resected, previously untreated tumors
was drawn from multiple institutions across the United States, included a large sample size,
and had extensive clinicopathologic, immunohistochemical and molecular annotation. Our
customized mIF methods were optimized specifically to detect myeloid cell markers present
in PDAC and allowed for co-detection of multiple markers at the single cell level, thereby
enabling high-confidence cell phenotyping and accurate quantification of true cell densities
rather than just marker positivity. These densities, reported as cell number per mm2, stand in
contrast to most prior PDAC immune cell studies that provide only semi-quantitative
measurements, and can serve as reference points for future studies. Our approach using four
polarization markers to calculate a continuous M1-M2 polarization index enables better
characterization of macrophage phenotypes than prior tissue-based approaches that relied
upon binarized expression of a single marker. Finally, our tissue-based analysis revealed
unsuspected spatial organization for myeloid cells and macrophages that could not be
identified using dissociative techniques such as flow cytometry or single cell RNA
sequencing.

In conclusion, the current study shows that a diverse set of myeloid cells are present within
the PDAC tumor microenvironment and are distributed heterogeneously across patient
tumors. Not only the densities but also the spatial locations of immune cells are associated
with patient outcomes, revealing complexity to the PDAC microenvironment that will be
important to design and interpretation of immunotherapy clinical trials for patients with
PDAC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multiplex analysis of myeloid immune cells in the pancreatic cancer microenvironment.
Examples of multiplex immunofluorescence (mIF) images from the (A) myeloid cell panel

and (B) macrophage panel, and (C, D) corresponding cell phenotypes. Gating strategy to
classify myeloid cell lineage (CD15, CD14), suppressive potential (ARG1) and cell
phenotype maturity (HLA-DR, CD33) (E). Evaluation of macrophage polarization (F). The
distribution plot is based on all macrophages in the study cohort (n=296); M1-polarized
macrophages were defined as macrophages within the 4™ quartile and M2-polarized
macrophages as macrophages within the 15t quartile of the M1-M2 index distribution. The
scale bar is 50 pm.
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Figure 2. Myeloid immune cell densities within tumor intraepithelial, stromal, and whole tissue
areas.

Tumors were segmented into tumor intraepithelial and stromal compartments, enabling
compartment-specific density measurements (A). Intraepithelial, stromal, and overall
densities of CD15* granulocytic cells, CD14* monocytic cells and M1-polarized, M2-
polarized and overall macrophages (B). All myeloid cell populations were present at higher
density in stromal compared to intraepithelial compartments. Pvalues were calculated with
Wilcoxon signed-rank test. *~<0.001. Overall granulocytic and monocytic myeloid cell
densities according to ARG status (C) and M1-polarized, M2-polarized and mixed
phenotype macrophage densities (D) demonstrate significant inter-tumoral variability
(n=290 and n=296).
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Figure 3. Nearest neighbor distance (NND) analysis for myeloid immune cells and tumor cells.
Example of a tumor stained with the myeloid cell panel (A), NND calculated from

granulocytic cells (CD15%) and monocytic cells (CD14%) to their nearest tumor cells, and
boxplot of the average NND between myeloid immune cells and tumor cells. Example of a
tumor stained with the macrophage panel (B), NND calculated from M1- and M2-polarized
macrophages to their nearest tumor cells, and boxplot of the average NND between
macrophages and tumor cells. Pvalues were calculated with Wilcoxon rank-sum test. * P
<0.001. The scale bar is 200 pm.
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Figure 4. Spatial analyses of M1-polarized and M2-polarized macrophage populations with
Gcross function.

Examples of multiplex immunofluorescence image (A), corresponding phenotype map with
M1- and M2-polarized macrophages (B), and Gcross (Giymor:m1 and Giumor:m2) function
plot (C). Boxplot of the comparison between Gymor:m1 @aNd Gumor:m2 function values at
10pm, 20um and 30pm radii. P values were calculated with Wilcoxon sum-rank test. *P
<0.001 (D). Higher Gyymor:macrophage Values indicate higher densities of macrophages
located close to tumor cells. M1-polarized macrophages are located closer to tumor cells
than M2-macrophages at all radii evaluated up to 50 pm. Forest plot of univariable (red) and

Clin Cancer Res. Author manuscript; available in PMC 2022 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Véyrynen et al.

Page 21

multivariable (black) Cox regression models for disease-free survival (DFS) according to
Gcross spatial measurements between tumor cells and M1- and M2-polarized macrophages.
HRs are for the top compared to the bottom quartile; closer location of M2-polarized
macrophages to tumor cells was associated with worse patient outcomes, while this
association was not identified for M1-polarized macrophages (E). Kaplan-Meier disease-free
survival (F) and overall survival (G) curves according to Gy mor:m2 function values within
20um. Pvalues were calculated with log-rank test. The scale bar is 200 um.
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Table 1.

Univariable and multivariable Cox regression models for disease-free survival according to ARG1* and
ARG1™ monocytic (CD14%) and granulocytic (CD15%) cells.
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!:e;zgjségmune p':gégfcs Cel(lll(%?)sitl);}nl\/rl;glan (;:ntljlg\zi:s') UnlvarlabcljeI)HR (95% Multlvan?:bll)ebHR (95%
CD15*ARGL1* granulocytic cells
Q1 72 6.6 (3.2-9.9) 17.1 1.00 (reference) 1.00 (reference)
Q2 71 27.5(22.8-38.3) 13.4 1.17 (0.79-1.75) 0.98 (0.65-1.48)
Q3 73 119.2 (79.6-164.4) 10.1 1.64 (1.10-2.42) 1.32 (0.87-1.99)
Q4 70 545.2 (341.8-771.3) 9.9 1.67 (1.13-2.48) 1.82 (1.19-2.77)
Prrend 0.019 0.002
CD15*ARG1~
granulocytic cells
Q1 71 3.1(1.5-6.4) 14.8 1.00 (reference) 1.00 (reference)
Q2 72 14.8 (11.4-20.1) 11.1 1.45 (0.97-2.16) 1.16 (0.77-1.75)
Q3 72 49.3(34.9-64.1) 10.6 1.56 (1.05-2.32) 1.37 (0.90-2.09)
Q4 71 170.2 (129.2-225.5) 10.9 1.23 (0.83-1.85) 0.98 (0.64-1.51)
Prrend 0.882 0.500
CD14*ARG1*
monocytic cells
Q1 114 0.0 (0.0-0.0) 14.3 1.00 (reference) 1.00 (reference)
Q2 58 3.1(2.2-3.9) 11.6 1.00 (reference) 1.34 (0.92-1.95)
Q3 59 8.7 (5.7-14.2) 12.0 1.25 (0.87-1.80) 1.06 (0.70-1.61)
Q4 56 34.7 (21.3-71.8) 9.7 1.12 (0.76-1.66) 1.38 (0.91-2.09)
Prrend 0.156 0.197
CD14*ARG1™
monocytic cells
Q1 70 108.7 (68.9-143.9) 11.2 1.00 (reference) 1.00 (reference)
Q2 72 229.4 (190.1-289.2) 115 0.97 (0.66-1.44) 1.20 (0.79-1.83)
Q3 73 416.5 (339.5-459.7) 14.1 0.67 (0.45-0.99) 0.74 (0.49-1.13)
Q4 71 666.3 (584.5-870.2) 10.5 1.02 (0.70-1.48) 0.90 (0.60-1.33)
Prrend 0.612 0.247

a " . L . I
The densities of myeloid immune cell subsets are based on the overall densities in tumor area (intraepithelial + stromal).
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bCox proportional hazards regression model adjusted for age, sex, pathologic N stage (NO, N1, Nx), tumor grade (well/moderately differentiated,
poorly differentiated, unknown), lymphovascular invasion (negative, positive, unknown), resection margin status (R0, R1, R2, unknown), receipt of
perioperative treatment.

Abbreviations: Cl:confidence interval; HR:hazard ratio; IQR:interquartile range; Q:quartile
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Table 2.

Univariable and multivariable Cox regression models for disease-free survival according to M1- and M2-
polarized macrophage density and Geross spatial measurements between tumor cells and macrophages within
20pm radius.

Myeloi;i immune cell No. of l\sl::clili;e?ls(igtﬁ) S'\S?\‘/jii;; Univariable HR (95% Multivariablei)HR (95%
subset patients (1/mm?) (months) o)) Cl)
M1-polarized
macrophages
Cell density
Q1 69 47.8 (33.2-61.0) 14.2 1.00 (reference) 1.00 (reference)
Q2 75 109.3 (93.6-125.3) 11.6 1.04 (0.70-1.55) 0.86 (0.56-1.31)
Q3 75 184.1 (159.0-217.1) 14.4 0.99 (0.67-1.47) 1.02 (0.68-1.52)
Q4 73 378.7 (304.6-488.3) 10.5 1.05 (0.71-1.56) 0.76 (0.50-1.16)
Purena 0.863 0.254
Giumor:m1, 20pm radius
Q1 71 0.03 (0.02-0.04) 14.3 1.00 (reference) 1.00 (reference)
Q2 74 0.06 (0.05-0.07) 13.8 1.29 (0.87-1.92) 1.22 (0.80-1.84)
Q3 73 0.10 (0.09-0.11) 115 1.17 (0.78-1.74) 1.11 (0.72-1.71)
Q4 74 0.18 (0.15-0.23) 10.3 1.35(0.91-1.98) 1.10 (0.72-1.68)
Prrend 0.222 0.939
Mz2-polarized
macrophages
Cell density
Q1 71 37.3(20.9-51.3) 12.0 1.00 (reference) 1.00 (reference)
Q2 73 103.7 (83.9-119.5) 15.9 0.75 (0.50-1.11) 0.70 (0.46-1.06)
Q3 75 192.5 (167.1-225.5) 135 0.90 (0.61-1.32) 1.05 (0.71-1.56)
Q4 73 353.0 (297.9-479.3) 9.9 1.20 (0.84-1.76) 1.32 (0.90-1.94)
Prrend 0.149 0.035
Giumor:m2, 20pm radius
Q1 73 0.009 (0.005-0.014) 15.1 1.00 (reference) 1.00 (reference)
Q2 73 0.03 (0.02-0.03) 111 1.41 (0.94-2.11) 1.23 (0.81-1.88)
Q3 73 0.06 (0.05-0.07) 10.1 1.52 (1.02-2.26) 1.55 (1.01-2.39)
Q4 73 0.13 (0.11-0.18) 10.2 1.83 (1.25-2.70) 1.72 (1.14-2.60)
Purend 0.004 0.009

a . . L . s .
The densities of myeloid immune cell subsets are based on the overall densities in tumor area (intraepithelial + stromal). M1-polarized

macrophages were defined as macrophages in the 4t ang M2-polarized macrophages as macrophages in the 18t quartile of M1-M2-index

distribution.

bCox proportional hazards regression model adjusted for age, sex, pathologic N stage (NO, N1, Nx), tumor grade (well/moderately differentiated,
poorly-differentiated, unknown), lymphovascular invasion (negative, positive, unknown), resection margin status (R0, R1, R2, unknown), receipt of
perioperative treatment.
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Abbreviations: Cl:confidence interval; HR:hazard ratio; IQR:interquartile range; Q:quartile
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