
CLINICAL CANCER RESEARCH | TRANSLATIONAL CANCER MECHANISMS AND THERAPY

Diminished Immune Surveillance during Histologic
Progression of Intraductal PapillaryMucinous Neoplasms
Offers a Therapeutic Opportunity for Cancer Interception
Sharia Hernandez1, Edwin Roger Parra1, Naohiro Uraoka1, Ximing Tang1, Yu Shen2, Wei Qiao2, Mei Jiang1,
Shanyu Zhang1, Barbara Mino1, Wei Lu1, Renganayaki Pandurengan1, Cara Haymaker1, Kajsa Affolter3,
Courtney L. Scaife4, Michele Yip-Schneider5, C. Max Schmidt5, Matthew A. Firpo4, Sean J. Mulvihill4,
Eugene J. Koay6, Huamin Wang7, Ignacio I. Wistuba1, Anirban Maitra1,7, Luisa M. Solis1, and Subrata Sen1

ABSTRACT
◥

Purpose: Intraductal papillary mucinous neoplasms (IPMN)
are bona fide precursors to pancreatic ductal adenocarcinoma
(PDAC). While genomic alterations during multistep IPMN
progression have been well cataloged, the accompanying changes
within the tumor immune microenvironment (TIME) have not
been comprehensively studied. Herein, we investigated TIME-
related alterations during IPMN progression, using multiplex
immunofluorescence (mIF) coupled with high-resolution image
analyses.

Experimental Design: Two sets of formalin-fixed, paraffin-
embedded tissue samples from surgically resected IPMNs were
analyzed. The training set of 30 samples consisted of 11 low-
grade IPMN (LG-IPMN), 17 high-grade IPMN (HG-IPMN), and
2 IPMNwith PDAC, while a validation set of 93 samples comprised
of 55 LG-IPMN and 38 HG-IPMN. The training set was analyzed

with two panels of immuno-oncology–related biomarkers, while the
validation set was analyzed with a subset of markers found signif-
icantly altered in the training set.

Results: Cell types indicative of enhanced immune surveillance,
including cytotoxic andmemory T cells, and antigen-experienced T
cells and B cells, were all found at higher densities within isolated
LG-IPMNs compared with HG-IPMNs. Notably, the TIME of LG-
IPMNs that had progressed at the time of surgical resection
(progressor LGD) resembled that of the synchronous HG-IPMNs,
underscoring that attenuated immune surveillance occurs even in
LG-IPMNs destined for progression.

Conclusions: Our findings provide a basis for interception
of cystic neoplasia to PDAC, through maintenance of sustained
immune surveillance using vaccines and other prevention
approaches.

Introduction
Intraductal papillary mucinous neoplasms (IPMN) of the pancreas

are mucin-secreting, cystic precursor lesions of pancreatic ductal
adenocarcinoma (PDAC; ref. 1). Histologically they are either isolated
or multicentric cysts of more than 5 mm, arising within the main or
branch pancreatic duct, with papillary structures lined by mucinous

columnar epithelium and varying grades of cellular atypia (2). IPMNs
involving the main duct and mixed main-branch duct have higher
risk of progressing to invasive cancer than those confined to the
branch ducts (3, 4). These cystic lesions are graded using a two-tier
system based on the degree of dysplasia observed: low-grade IPMN
(LG-IPMN), characterized by mild to moderate grade of epithelial
dysplasia, and high-grade IPMN (HG-IPMN), characterized by high-
grade epithelial dysplasia, previously known as carcinoma in situ (5).
Patients with noninvasive IPMNs have excellent prognosis upon
surgical resection, but once an IPMNdevelops an invasive component,
the probability of long-term survival drops significantly (6). In addi-
tion, it is estimated that approximately 2% of IPMN cases that are
surgically resected will develop an invasive PDAC in the remnant
pancreas (7). Next-generation sequencing studies have shown that
IPMNs share several genetic alterations with PDAC, such as presence
of mutant KRAS, GNAS, TP53, SMAD4 PTEN, and PIK3CA, among
others (8–10). In contrast to melanoma or lung cancers, PDAC is
predominantly an immunologically “cold” malignancy, which is
largely recalcitrant to immunotherapy (11, 12). Immune profiling
studies of the PDAC tumor immune microenvironment (TIME) has
revealed a complex network of immune suppressive cellular and
cytokine interactions, resulting in minimal treatment benefit from
immune checkpoint–blocking agents (13). In addition, PDAC tumor
subtypes with distinct immune infiltration phenotypes have been
recognized as “immune rich,” “immune escape,” and “immune
exhausted” (14–17). While “immune rich” were reported to have high
abundance of T and B cells along with low FOXP3þ regulatory T cells
(Treg), “immune escape” subtypes were characterized by opposite
immune profiles and the “immune exhausted” with immunogenic
microenvironment containing subpopulations of PD-L1–expressing
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cells displaying microsatellite instability. Interestingly, PDACs aris-
ing from IPMN have been associated with classical (pancreatic
progenitor) subtype and prevalent microsatellite instability harbor-
ing immunogenic microenvironment but immune-exhausted phe-
notype (15, 18) In contrast, squamous PDAC subtype (alias “quasi-
mesenchimal” or “basal-like”) was reported to display an immune
escape phenotype (15, 16). In view of these observations, it is
important that the immune microenvironment of precursor lesions,
such as IPMNs, is characterized in detail to elucidate the role of
innate and adaptive immunity during the multistep progression of
PDAC. Previously, limited analyses of the TIME of IPMN has
demonstrated that HG-IPMNs have higher numbers of myeloid-
derived suppressor cells (MDSC) and Tregs, compared with normal
ductal epithelium or LG-IPMNs, suggesting immune suppressive
mechanisms come into effect with progression of the disease (19).
Similarly, a recent study analyzing spatial distribution of T-cell
subsets in IPMN progression reported that the immune microen-
vironment evolves from a diverse T-cell mixture in LG-IPMNs to a
Treg-dominated immunosuppressive state in invasive PDAC (20).
However, an in depth, high-dimensional analysis of the TIME of
IPMNs, including independent assessment of LG-IPMNs that are
isolated versus ones that have synchronously progressed to HG-
IPMN or PDAC has not been conducted. Such an analysis could
provide unprecedented insights into whether IPMNs that are
destined to progress in their natural history demonstrate immu-
nologic alterations in the TIME even at the stage of LG dysplasia
(LGD), thereby opening a potential window of opportunity for
immune interception.

One of the more informative approaches to study the immune
microenvironment of these heterogeneous lesions is the use of mul-
tiplex IHC and immunofluorescence assays, which allow for the
assessment of multiple biomarkers using a single-tissue section, and
their coexpression in different immune cell types (21, 22). Application
of this analytic approach in IPMN can also reveal the spatial relation-
ships of the immune infiltrate within the dysplastic epithelium and
proximal stroma at different stages of preneoplasia. In the current
study, we investigated the landscape of TIME in a large series of IPMNs
of all histologic grades of epithelial dysplasia, using selected immuno-
oncology biomarkers of adaptive and innate immune response by IHC
and multiplex immunofluorescence (mIF). The rigor of our analysis

was underscored by using training and validation sets of cases. In
addition to immune cell subtyping, we also addressed the question of
divergence in TIME between LGD from LG-IPMN (isolated LGD) and
LGD fromHG-IPMN (progressor LGD). To the best of our knowledge,
our dataset is themost extensive assessment of the TIME of IPMN and
will form the foundational basis for implementing interception efforts
in this PDAC precursor.

Materials and Methods
Patients and samples

A training set of 30 formalin-fixed paraffin-embedded (FFPE)
IPMN tissue samples from The University of Texas MD Anderson
Cancer (Houston, TX) and a second validation set of 93 FFPE-
IPMN samples from the University of Utah Huntsman Cancer
Institute (Salt Lake City, Utah) and Indiana University School of
Medicine (Indianapolis, IN) were analyzed in this study. All tissue
samples were from patients who underwent surgical treatment
without neoadjuvant therapy at these institutions and the study
was performed under approved protocols of the respective Insti-
tutional Review Boards (IRB) according to the principles of the
Helsinki Declaration (23). All patients provided written informed
consent for this IRB protocol. For the training set, clinicopathologic
information, including sex, age, race, smoking status, alcohol use,
diabetes history, and pathologic characteristics (tumor location,
cyst size, and histologic grade) was available for all cases (Supple-
mentary Table S1).

The diagnostic slides were histologically reviewed by two expert
pancreatic cancer pathologists (H.Wang andA.Maitra). Each casewas
classified following the international consensus Fukuoka guide-
lines (1). The training set comprised of 11 LG-IPMN (presence of
only low- to intermediate-grade dysplasia), 17 HG-IPMN [presence of
high-grade dysplasia (HGD)], and 2 IPMN with invasive adenocar-
cinoma, while the validation set had 55 LG-IPMN and 38 HG-IPMN,
based on the highest degree of epithelial dysplasia in diagnostic
hematoxylin and eosin (H&E) slides. Of note, for the purpose of
analysis, we classified the LGDareas as “isolated LGD,”when therewas
no HGD in an IPMN, and “progressor LGD” when an IPMN con-
tained synchronous LGDandHGD.Detailed information of histologic
subtype (gastric/intestinal/pancreatobiliary) from the cases from the
training set is presented in SupplementaryTable S2. Fromeach sample,
we selected FFPE tissue block containing the highest grade of dysplasia,
and representative areas of all grade of dysplasia within the lesion.
Blocks were cut in consecutives serial sections of 4 mm thickness. Slides
were stained with the two mIF panels and conventional single IHC for
CD20 (B cells), the latter as validation for the CD20marker included in
one of the mIF panels, and to explore the lymphoid aggregates
associated with IPMN.

Identification of regions of interest for digital image analysis
Regions of interest (ROI) in the H&E-stained tissue sections,

representing distinct histopathologic features, were selected for con-
ventional IHC and mIF analyses. The H&E samples were scanned at
20�, usingAperioAT2 scanner (Leica Biosystem) and the images were
visualized with Aperio ImageScope (Leica Biosystem) software. LGD,
HGD, and invasive PDAC were identified and annotated. We selected
regions of interest (ROI) for the following types of lesions: (i) LGD
areas of LG-IPMN (isolated LGD), (ii) LGD areas of HG-IPMN
(progressor LGD), (iii) HGD areas of HG-IPMN, and (iv) additional
areas with invasive adenocarcinoma for IPMN with PDAC (detailed
information on the number of ROIs analyzed in each category are

Translational Relevance

Intraductal papillary mucinous neoplasms (IPMN) are well-
recognized cystic precursor lesions of pancreatic ductal adenocar-
cinoma. Current standard-of-care guidelines for patients with
pancreatic cyst recommend either surgical excision of the lesions
or longitudinal passive surveillance using radiology and cyst
fluid biomarkers. In this study, we interrogated alterations
within the tumor immune microenvironment (TIME) of IPMNs
of varying histologic grades. Our findings demonstrate that
diminished immune surveillance is a feature of high-grade IPMNs
(HG-IPMN), and that such attenuation is also seen within the
TIME of “progressor” low-grade IPMNs (IPMN) present within
the vicinity of synchronous HG-IPMN. These findings provide a
basis for initiating interception trials using vaccines or immune
checkpoint inhibitors that can enhance or sustain immune sur-
veillance within TIME of IPMN, and potentially block progression
to invasive neoplasia.
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shown in Supplementary Table S3). Areas beyond the fibrous band,
areas with chronic pancreatitis, and cyst rupture were not included in
the ROIs. Minimum and maximum distances among progressor LGD
and HGD areas of HG-IPMN are shown in Supplementary Table S4.

mIF and digital image analysis
Marker panels for mIF were used to characterize the immune

microenvironment in the ROIs of IPMN lesions in LGD, HGD, and
PDAC (Table 1). Staining and processing methodology was described
previously (21, 22) including the antibodies described in Supplemen-
tary Table S5. The slides were scanned at low resolution (10�)
using a multispectral microscope (Vectra 3.0 system, Akoya bios-
ciences). Pathologists performing the analyses (N. Uraoka, E.R. Parra,
S. Hernandez, and X. Tang) selected the ROIs (660 mm � 500 mm,
0.33 mm2 each), guided by the H&E-stained histopathologic features
following review by the two expert pancreatic cancer pathologists
(H. Wang and A. Maitra), mentioned above. The ROIs were scanned
at 20� resolution for digital imaging analysis using the InForm
2.0.4 software (Akoya Biosciences; Fig. 1). Each ROI was classified
into two compartments: the dysplastic epithelial/carcinoma compart-
ment (EC), defined as an area having dysplastic epithelium or invasive
carcinoma cells including immune cells in between the dysplastic
epithelial cells or the stroma in contact with the basal membrane, and
the stromal compartment (ST) represented by the stroma tissue that is
adjacent to the dysplastic epithelial/carcinoma compartment includ-
ing immune cells that are not in contact with the basal membrane
(Supplementary Fig. S1). Distribution of area sizes in mm2 for
dysplastic epithelial/carcinoma, stromal, and total compartments of
the training set and the validation set are provided in Supplementary
Table S6. The following markers were evaluated in panel 1: PD-L1,

Table 1. Immunophenotyping by mIF using two OPAL panels.

Phenotype Biomarker expression

Opal Panel 1
Epithelial cells (CKþPD-L1þ) þ (CKþ)
Epithelial cells PD-L1þ CKþPD-L1þ

Total T-cell
lymphocytes

(CD3þonly)þ (CD3þCD8þPD1�)þ (CD3þPD1þ)
þ (CD3þCD8þPD1þ)

Cytotoxic T cells (CD3þCD8þPD1�) þ (CD3þCD8þPD1þ)
T cells, antigen
experienced

(CD3þPD1þ) þ (CD3þCD8þPD1þ)

Total macrophages (CD68þPD-L1�) þ (CD68þPD-L1þ)
Macrophages PD-L1þ CD68þPD-L1þ

Opal Panel 2
Total B-cell
lymphocytes

CD20þ

CD45ROþ cells CD45ROþ

Granzyme Bþ cells Granzyme Bþ

FOXP3þ cells FOXP3þ

CD57þ cells CD57þ

Figure 1.

Analysis of immune cell infiltrates using mIF. A, Whole-section H&E slide of a high-grade IPMN with HGD areas (yellow squares) and LGD areas (green squares)
selected for digital image analysis. B, HGD area at high resolution (40�). C. LGD area at high resolution (40�). D, Image scan of Phenochart with selected areas for
high magnification (blue squares). E, Panel 1 composite of HGD area (40�). F, Panel 1 composite of LGD area.
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PD1, CD3, CD8, CD68, CK (AE1/AE3), and DAPI, while the second
panel included the following markers: CD20, CD45RO, CD57,
granzyme B, FOXP3, CK (AE1/AE3), and DAPI (Supplementary
Table S7). Cells coexpressing the markers (representing the cell
phenotypes) including epithelial/malignant cells [CKþ; cytokeratin
marker, epithelial/malignant cells expressing PD-L1 (CKþPD-L1þ)];
T lymphocytes [CD3þ; pan T-cell marker, including cytotoxic
T cells (CD3þCD8þ), antigen-experienced T cells (CD3þPD-1þ),
cytotoxic antigen-experienced T cells (CD3þCD8þPD-1þ); tumor-
associated macrophages [TAM (CD68þ)]; and TAMs expressing
PD-L1 (CD68þ PD-L1þ) were well characterized in panel 1 while
individual markers were analyzed as part of the panel 2 (Table 1). The
final results were expressed as the number of cells/mm2 from different
cell populations. For PD-L1, a cutoff >1% membranous expression
of epithelial or malignant cells was considered as positive for
statistical analysis.

Evaluation of B-cell lymphoid aggregates by conventional
single-marker IHC

In parallel, sequential tissue sections (4 mm thickness) were stained in
a Leica Bond Max automated stainer (Leica Biosystems) for CD20 IHC
to examine possible induction of B-cell lymphoid aggregates in the
training cohort. The tissue sections were deparaffinized and rehydrated
following the Leica Bond protocol. Antigen retrieval was performed
for 20 minutes with Bond Solution #2 (Leica Biosystems, equivalent
EDTA, pH9.0). The primary antibody (CD20, cloneL-26,AgilentDako,
catalog no. M0755, dilution 1:1,400), was incubated for 15 minutes
at room temperature and detected using the Bond Polymer Refine
Detection kit (Leica Biosystems) with 3,30-diaminobenzidine (DAB)

as chromogen. The slides were counterstained with hematoxylin. The
IHC-stained slides were scanned with Aperio AT2 scanner (Leica Bio-
system) at 20�magnification; the images were visualized and analyzed
with Halo (Indica Lab) image analysis software. Presence of B-cell
lymphoid aggregates, defined as organized groups of CD20þ cells (24),
was annotated by pathologists (S. Hernandez, L.M. Solis) in the tissue
surrounding the cyst (excluding cyst content). Then, we quantified
their number, extension area (mm2), and the nearest distance (mm2) of
the lymphoid aggregates to the dysplastic epithelium. In parallel, for
internal validation of the mIF data, we quantified CD20þ cell densities
obtained by IHC; similar to the ROI selection strategy used for
mIF, CD20-positive cells were quantified in the dysplastic epithelial/
carcinoma and stromal compartments of each ROI placed in the areas
used for mIF. We used the “cytonuclear v1.6” algorithm (Halo, Indi-
caLab) and the results were reported as cell densities (n/mm2) from
the total areas of each compartment analyzed (Fig. 2).

Statistical analysis
Statistical analysis was mainly descriptive. x2 or Fisher exact test

were used to evaluate associations between categorical clinicopatho-
logic variables and histologic classifications of IPMNs. To determine
associations of clinicopathologic variables and cell densities of each cell
type of HG-IPMN and LG-IPMN, we used the t test, using the average
cell density of LGD and HGD areas for each IPMN case per each
compartment (EC, ST, and ECþST). To test differences between cell
densities of paired progressor LGD and HGD areas from HG-IPMN,
we used the Wilcoxon signed-rank test. To test differences between
isolated LGD, progressor LGD, and HGD areas, we applied Kruskal–
Wallis; to test differences between the two groups, we used t test.

Figure 2.

Analysis of B-cell immune infiltrates and B-cell lymphoid aggregates in IPMNs by IHC for CD20 and digital image analysis. A, Low-magnification image of a
high-grade IPMN with cyst area (red line), B-cell lymphoid aggregates (blue line), LGD (yellow boxes), and HGD (green boxes) areas selected for image
analysis. B and C show high-magnification images of LGD and HGD areas and mark-up images of CD20-positive cells (orange) in stromal and dysplastic
epithelial compartments. D shows a high-magnification image of a B-cell lymphoid aggregate (blue line).
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Spearman correlation estimation and test for a rank-based measure of
association was also applied. Statistical analysis was carried out using
SAS version 9.4 (SAS Institute) or GraphPad software. P < 0.05
was considered statistically significant. Wilcoxon rank-sum test
was used to assess the difference of the immune cell densities in
the epithelial compartment of HG-IPMN in the following ways: (i)
regardless of the grade of dysplasia, (ii) between “closest” and
“furthest” HGD areas to the progressor LGD, and (iii) between
“closest” and “furthest” progressor LGD areas to HGD (Supple-
mentary Table S8A–S8C).

Data availability
The data generated in this study are available upon request from the

corresponding authors.

Results
Immune profiling of LG and HG-IPMN using a training set

Using a training set, we first evaluated biomarkers to address
the PD-L1/PD1 axis and relevant tumor-associated immune

cells in the TIME of LG- and HG-IPMNs. The clinicopathologic
characteristics of the samples from this set are described in Sup-
plementary Table S1. Associations of immune cell densities with
clinicopathologic features in different compartments are shown in
Supplementary Table S7 and Supplementary Fig. S2. Interestingly,
in the epithelial compartment, the densities of T cells, cytotoxic
T cells, and granzyme B cells were significantly higher in gastric
subtype compared with intestinal or pancreatobiliary, and most
IPMN of gastric subtypes were LG-IPMN (10/17, 59%; Supplemen-
tary Table S9). In this training cohort, no associations were
observed between histologic classifications of IPMN (LG-IPMN
and HG-IPMN) and clinicopathologic characteristics.

The mIF analysis of dysplastic epithelial cells showed PD-L1–
positive expression in three HG-IPMNs, though in all of them
expression was heterogeneous. Two of them exhibited PD-L1
in 39.7% and 1.7% of the epithelial cells of HGD areas, while no
PD-L1 expression was observed in progressor LGD; one IPMN
exhibited PD-L1 expression in 19.5% of the epithelial cells in pro-
gressor LGDwhile no expressionwas observed in theHGDepithelium.
Evaluation of the immune cells by mIF showed higher densities of

Table 2. Analysis of immune biomarkers in LGD and HGD areas of Intraductal papillary mucinous neoplasm in the training set.

Isolated LGD areas of
LG-IPMN

Progressive LGD areas of
HG-IPMN

HGD areas of
HG-IPMN

Phenotype Median SD Median SD Median SD Pa

Dysplastic epithelial compartment
CD3þ (n/mm2) 329 210 99 211 140 120 0.017
CD3þCD8þ (n/mm2) 38 86 9 104 13 53 0.047
CD3þPD1þ (n/mm2) 0 4 0 9 0 2 0.800
CD68þ (n/mm2) 10 35 22 34 12 29 0.910
CD68þPD-L1þ (%) 22 30 27 33 25 20 0.658
CD20þ (n/mm2) 2 4 0 3 0 4 0.030
CD45ROþ (n/mm2) 188 83 62 79 63 81 0.008
CD57þ (n/mm2) 23 63 40 88 17 47 0.734
Granzyme Bþ (n/mm2) 95 42 34 74 37 61 0.022
FOXP3þ (n/mm2) 2 2 1 7 0 6 0.580

Stromal compartment
CD3þ (n/mm2) 588 676 684 650 659 891 0.971
CD3þCD8þ (n/mm2) 210 321 194 246 130 185 0.610
CD3þPD1þ (n/mm2) 7 45 4 64 9 27 0.521
CD68þ (n/mm2) 97 114 204 252 210 169 0.296
CD68þPD-L1þ (%) 28 24 32 24 36 18 0.998
CD20þ (n/mm2) 23 299 14 38 7 87 0.579
CD45ROþ (n/mm2) 784 536 607 520 547 585 0.659
CD57þ (n/mm2) 76 208 89 105 78 75 0.931
Granzyme Bþ (n/mm2) 348 473 320 333 241 288 0.816
FOXP3þ (n/mm2) 24 24 12 75 19 31 0.733

Dysplastic epithelial and stroma compartment
CD3þ (n/mm2) 521 487 474 447 470 308 0.724
CD3þCD8þ (n/mm2) 172 234 133 197 63 138 0.545
CD3þPD1þ (n/mm2) 4 31 2 18 7 12 0.372
CD68þ (n/mm2) 64 69 91 98 146 108 0.300
CD68þPD-L1þ (%) 28 23 31 25 36 18 0.999
CD20þ (n/mm2) 14 149 9 26 5 20 0.370
CD45ROþ (n/mm2) 495 324 321 372 347 301 0.277
CD57þ (n/mm2) 63 113 82 101 47 62 0.926
Granzyme Bþ (n/mm2) 250 287 190 238 167 188 0.576
FOXP3þ (n/mm2) 15 14 7 48 10 16 0.787

Abbreviations: HGD, high-grade dysplasia; HG-IPMN, high-grade intraductal papillary mucinous neoplasm; LG-IPMN, low-grade intraductal papillary mucinous
neoplasm; LGD, low-grade dysplasia.
aKruskal–Wallis.
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overall T cells, cytotoxic T cells, CD45ROþ, and granzyme Bþ cells in
the dysplastic epithelial compartment of LG-IPMN compared with
HG-IPMN (Table 2). Further analysis based on the degree of dysplasia
of IPMN showed higher densities of the same cell types in the
epithelial/proximal stromal compartment of isolated LGD of LG-
IPMNs compared with progressor LGD of HG-IPMN, as well as HGD
areas of HG-IPMN (Fig. 3). No differences of antigen-experienced
T cells, macrophages, PD-L1þ, CD57þ, or FOXP3þ cells were
found in this compartment (Supplementary Fig. S3). We did not
find differences among LG-IPMN and HG-IPMN when comparing
the cell densities in the stromal compartment (Supplementary
Fig. S4). Paired analysis of progressor LGD and HGD areas of
HG-IPMNs (n ¼ 16) showed that CD20þ cell densities were higher
in the dysplastic epithelial compartment of progressor LGD (P ¼
0.031; Supplementary Fig. S5). The two IPMN cases with invasive
adenocarcinoma showed heterogenous distribution of immune
infiltrates (Supplementary Table S10).

To assess how the distance may impact the associations found
between progressor LGD and HGD in the epithelial compartment, we
compared the cell densities of the immunophenotypes of the epithelial
compartment of progressor LGD ROIs that were “closest” to HGD
ROI with the ones that were “furthest” away from a HGDROI; similar
comparison was performed using HGD ROIs that were closest and
furthest away from the LGD ROIs. On the basis of the comparison,
focusing on the epithelial compartment, no statistically significant
difference in immune cell densities was detected between the LGD and
HGD ROIs at varying distances in any of the groups (Supplementary
Table S8A–S8C).

Then we evaluated the presence of B cells using single chromogenic
IHC for CD20 to determine and quantify the presence of B-cell
lymphoid aggregates and CD20þ cell densities. B-cell lymphoid

aggregates were found in 19 IPMN (68%) cases (12 HG-IPMN and
7 LG-IPMN). The number of lymphoid aggregates per mm2 and their
area extension per mm2 showed no significant associations between
LG-IPMN comparedwithHG-IPMN (Supplementary Table S11), and
none of these aggregates had noticeable germinal centers. We believe
presence of lymphoid aggregates should be investigated in a larger
cohort. For internal validation, comparison of CD20þ cell densities
with the results of mIF revealed moderate (EC) or high (ST and
ECþST) correlation with the corresponding results of mIF in all
compartments analyzed (EC: Spearman rho ¼ 0.36, P ¼ 0.019; ST:
rho¼ 0.77, P < 0.0001; EþST: rho¼ 0.71, P < 0.0001).We did not find
statistically significant difference when comparing LGD with HGD
areas. Of note, one of the two IPMN with invasive PDAC had B-cell
lymphoid aggregates.

Analysis of differentially expressed immune biomarkers using a
validation set

On the basis of the results obtained in the training set, we inter-
rogated a validation set of 93 IPMN samples. For this purpose, themIF
panel which revealed differential expression between LG-IPMN and
HG-IPMN in the training set (CD3, CD8, PD1, CD68) was used. The
clinicopathologic characteristics available from samples of this set are
described in Supplementary Table S12. The mIF analysis showed that
PD-L1 was not expressed in neoplastic cells of IPMN, irrespective of
grade of dysplasia. Analogous to the findings of the training set, we
observed that in the dysplastic epithelial compartment, total and
cytotoxic T cells had higher densities in isolated LGD fromLG-IPMNs,
compared with progressor LGD from HG-IPMNs, and HGD of HG-
IPMN. Moreover, in this set, analysis of the dysplastic epithelial
compartment showed higher densities of antigen-experienced T
cells and macrophages in isolated LGD from LG-IPMN compared
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Figure 3.

Scatter dot plot showing differential distribution of immune cell densities in the dysplastic epithelial compartment of the Training set, among dysplasia areas
of low-grade IPMN and high-grade IPMN (isoLGD, isolated low-grade dysplasia area of low-grade IPMN; progLGD, progressive low-grade dysplasia area of
high-grade IPMN; HGD, high-grade dysplasia area of high-grade IPMN). Panel 1: CD3þ, CD3þCD8þ; Panel 2: Granzyme Bþ, CD45ROþ, and CD20þ. Differences
between all groups were determined using Kruskal–Wallis, and differences between two groups were determined by t test (ns, nonsignificant). Black bars
indicate median and 95% confidence Interval.
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with progressor LGD of HG-IPMNs, and the differences of macro-
phages were also evident when we analyzed dysplastic epithelial and
stromal compartment together (Fig. 4).

Discussion
In this study, we profiled immune cell infiltration in the dys-

plastic epithelial/carcinoma and stromal compartments of IPMN,
bona fide precursor lesions of PDAC, at different grades of dysplasia
to assess the role of immune surveillance in progression of the
disease. Although immune cell infiltration profiles across sample
cohorts were heterogenous, HG-IPMN showed overall diminished
immune response compared with LG-IPMN, most notably with
significant reduction in total and cytotoxic T cells in HGD as well as
in progressor LGD lesions of HG-IPMN. Our previous work had
revealed that spatial proximities between epithelial cells of IPMNs
and T cells may be predictive of degree of dysplasia (25). These
results are in accordance with other findings from IHC and single-
cell transcriptomics analyses of IPMN (6, 20), in which higher
abundance of T cells, especially cytotoxic T cells, were detected in
LG-IPMN compared with HG-IPMN and PDAC. Of note, the
difference in T-cell infiltrates, observed in our study, was predom-
inantly in the dysplastic epithelial compartment rather than in the
distal stromal compartment, indicating that peritumoral immune
response evolves toward an immunosuppressive state, possibly
involving mechanisms of immune evasion activated early during
progression of PDAC. One of the mechanisms involved in low T-
cell infiltration may be attributed to defects in antigen presentation
as previous studies have shown that in genetically engineered mice

model (KPC) of pancreatic carcinogenesis, pancreatic intraepithe-
lial neoplasia (PanIN) lesions have scarce infiltration of conven-
tional type 1 dendritic cells which lead to defects in T-cell
response (26, 27). In addition, different mechanisms of immune
evasion associated with distinct genetic or epigenetic alterations in
preneoplastic lesions may also lead to disparate immune response
seen in PDAC subtypes identified on the basis of genetic and
immunophenotypic classifications (14–17). Our current findings
warrant further investigation, including correlations with genetic
abnormalities in preneoplastic lesions. A recent IHC-based study
has reported that pancreatic IPMN microenvironment evolves from
an immune active state represented by diverse T-cell repertoire
comprising of CD8þT cells, and T-cell subsets Th/c1 and Th/c2 as
major components to a Treg dominated immunosuppressive state
during progression to invasive pancreatic cancer (20). Absence of a
shift in FOXP3þ Treg profiles between HG-IPMN and LG-IPMN in
our study suggests that this transition may be less involved during
progressive development of dysplasia and becomes a more prevalent
mechanism of immune suppression during progression to invasive
disease.

Analyses of total CD68þ TAMs and those expressing PD-L1 (the
ligand for programmed death 1 receptor), the immune checkpoint
marker activated for immune evasion, revealed no significant differ-
ences in the HG- and LG-IPMN samples of the training set. However,
in the validation set, densities of total TAMs and PD-L1–expressing
TAMs were elevated in isolated LGD compared with progressor LGD
and HGD areas of HG-IPMN with the differences being more pro-
nounced for the total TAMs in the dysplastic epithelial compartment
and PD-L1–expressing TAMs in the stromal compartment. TAMs
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Figure 4.

Scatter dot plot showing differential distribution of immune cell densities in the different compartments of the Validation set, among dysplasia areas of
low-grade IPMN and high-grade IPMN (isoLGD, isolated LGD area of low-grade IPMN; progLGD, progressive low-grade dysplasia area of high-grade IPMN;
HGD, high-grade dysplasia area of high-grade IPMN). Dysplastic epithelial compartment panel 1: CD3þ, CD3þCD8þ, PD1þCD3þ, CD68þ; Stromal compartment
panel 1: CD68þ; Total compartment panel 1: CD68þPD-L1þ. Differences between all groups were determined using Kruskal–Wallis, and differences between
two groups were determined by t test (ns, nonsignificant). Black bars indicate median and 95% confidence Interval.
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have been associated with immune-suppressive functions and worse
prognosis in PDAC, with infiltration in the stroma of premalignant
lesions contributing to progression of disease (28, 29). While our
results demonstrate that CD68þ TAMs infiltrate isolated LGD, as
previously reported, their similar or lower recruitment in progressor
LGD or HGD areas of HG-IPMN suggests that, rather than the extent
of infiltration, possible changes in the polarization spectrum of TAMs
may be functionally more critical for the development of the dysplastic
state of IPMN lesions (30). In addition, previous observations by IHC
and single-cell transcriptomics analyses (6, 20) that TAM andMDSCs
are higher in PDAC compared with LG- andHG-IPMNwarrant more
in-depth profiling of myeloid cells to determine their role in the
pathogenesis of PDAC as well as the role of myeloid axis as possible
immunotherapy target (31). Validation of the concept would require
mIF assay at single-cell level of coexpressing protein markers exclusive
for TAM polarization in HG and LG lesions.

We also evaluated the role of B cells in IPMN and in concordance
with other studies, observed that B-cell densities were relatively
low (6, 32) in most cases. However, paired analysis between
progressor LGD and HGD areas of HG-IPMN showed that CD20þ

cell densities were significantly higher in progressor LGD. B cells
have dual roles in immunity, with antitumor and protumor func-
tion (33), and detailed profiling of B-cell subsets may help under-
stand the state of these cells in IPMN (34), although scarce number
of B cells in the premalignant lesions, in general, may pose a
challenge in undertaking such analyses. We further tried to char-
acterize the structural context of development and infiltration of B
cells by examining the presence of B-cell lymphoid aggregates [as
surrogate of tertiary lymphoid structures (TLS)] which are associ-
ated with B-cell activation. Published reports have described the
presence of TLS within PDAC microenvironment as a favorable
prognosticator of antitumor immune response (35, 36). We, there-
fore, tried to characterize the structural context of development and
infiltration of B cells by examining the presence of B-cell lymphoid
aggregates (as surrogate of TLS) which are associated with B-cell
activation, but no significant associations was observed between
LG-IPMN compared with HG-IPMN.

Interpretation of the findings being reported in the study requires
consideration of some currently unavoidable technical constraints.
Although our mIF panels included multiple markers associated with
different immune cell types, we found limitations in the number of
markers that can be multiplexed and lack of exclusive consensus
markers for these cells which preclude more definitive conclusions
at this time about the role of immune infiltrates in progressively
dysplastic IPMN lesions. Further investigations using coexpressing
markers specific for subset of myeloid, T, and B cells are warranted to
fully characterize the immune landscape of these preneoplastic lesions.
Furthermore, technical limitations of mIF assay along with tissue
heterogeneity of these lesions did not allow the analysis of the whole
lesion area, or stromal/epithelial compartmentalization of similar sizes
within the ROI. Thus, our conclusions may be affected by enrich-
ment and heterogenous spatial distribution of immunophenotypes
in these compartments. To overcome this limitation, further studies
interrogating spatial distribution and pairwise interactions of
immune phenotypes (25) are warranted, which will provide a more
illustrative overview of the immune landscape of these types of
lesions. In our cohort, information on genetic abnormalities was not
available, therefore association of genomic signatures with immune
phenotypes could not be performed; in addition, the size of our
cohort may still be considered relatively small, and the analysis of
the degree of dysplasia may have observational bias without adjust-

ing for multiple comparisons. In this regard, larger scale validation
of these findings will require analyses with more informative marker
panels of additional cases including IPMN with associated invasive
adenocarcinoma.

In conclusion, we characterized the TIME of LG- and HG-IPMN
using selected innate and adaptive immune markers employing mIF,
IHC, and high-resolution image analysis approaches. Results revealed
depletion of immune response during progression of LG- to HG-
IPMN. Interestingly, however, immune phenotype of LG-IPMNs
that had progressed at the time of surgical resection (progressor
LGD lesions) resembled that of the synchronous HG-IPMNs,
underscoring that attenuated immune surveillance occurs even in
LG-IPMNs destined for progression. The finding, thus, indicates
that effective clinical interception of cystic neoplasia to PDAC may
be achievable through maintenance of sustained immune surveil-
lance using vaccines and other prevention approaches. Recent
advances in the development of endoscopic ultrasound–guided
pancreatic cyst wall microbiopsy technique for improved diagno-
sis (37) of cystic neoplasms raise the possibility that clinical
interception with maintenance of immune surveillance may indeed
be achievable for these preinvasive neoplastic lesions.
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