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ABSTRACT

Purpose: This study aimed to comparatively characterize the immune microenvironment (iME) in
murine and human precursor lesions of pancreatic ductal adenocarcinoma (PDAC) to better un-
derstand its role in pancreatic carcinogenesis.

Materials and Methods: Tissue microarrays were constructed from 41 transgenic mice (140
samples including normal pancreas tissue, acinar-ductal metaplasia [ADM], pancreatic intra-
epithelial neoplasms [PanIN], and PDAC) and from 76 patients (221 samples including normal
pancreas tissue, ADM, PanlN, intraductal papillary mucinous neoplasms [[PMN], mucinous cystic
neoplasms [MCN], and PDAC). OPAL7 multiplex immunofluorescence was used for simultaneous
detection of multiple immune cell markers (CD3, CD4, CD8, CD8a, FoxP3, PD-1, CD19, CD20, F4/80,
CD68, (D163, tryptase, and granzyme B), followed by software-assisted image-based
quantification.

Results: The iME of all lesions was characterized by a predominance of CD3" T lymphocytes over
B lymphocytes, except for murine PanIN, which showed CD19" B cell predominance. Both murine
and human PDAC showed an immunosuppressive iME. However, precursor lesions differed
markedly: murine ADM and PanIN showed no significant immune cell increases, while human
ADM already displayed elevated mast cells, macrophages, T helper cells, and Tregs. Human ADM,
PanIN, and gastric-type IPMN showed a significant increase in CD8" cytotoxic T cells compared
with normal pancreas tissue, while cytotoxic T cells were decreased in PDAC. In contrast, human
intestinal-type IPMN and MCN showed no increase in cytotoxic T cells.

Conclusions: These findings highlight that the iME evolves during pancreatic carcinogenesis and
differs significantly between species and lesion types. The immune landscape of murine models
does not fully recapitulate that of human disease, emphasizing the need for caution when
translating preclinical findings. Moreover, distinct immune profiles across human precursor
subtypes suggest precursor-specific mechanisms of immune engagement.

© 2026 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian

Academy of Pathology. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Introduction

Pancreatic cancer is an exceptionally lethal malignancy with
limited curative therapy options.! Although the incorporation of
immunotherapy into treatment regimens has undoubtedly led to
a paradigm shift in the management of many other solid malig-
nancies, the same cannot be said about the treatment of
pancreatic cancer. Studies exploring immunotherapy for
pancreatic ductal adenocarcinoma (PDAC) have largely shown
discouraging results. In part, this is thought to be the result of the
low mutational burden of PDAC compared with other solid ma-
lignancies such as lung cancer or malignant melanoma.” The
comparatively low number of somatic mutations in PDAC leads to
a low number of altered proteins produced by the tumor, so-
called neoantigens, which allow for the immune system to
recognize the tumor as foreign, triggering an immune response
targeted against the tumor cells. Correspondingly, rare cases of
long-term survivors of PDAC are characterized by a high number
of tumor-specific high-quality neoantigens and, consequently,
high numbers of antitumor cytotoxic T cells.> This is also
consistent with the fact that monotherapy with an immune
checkpoint inhibitor has shown beneficial effects in a very small
subset of pancreatic cancer patients, that is, those with micro-
satellite instability (MSI; 1%-2%, occurring significantly more
frequently in mucinous and medullary pancreatic cancer
compared with conventional PDAC),*® although the response to
immunotherapy of MSI-high PDAC is still worse compared with
that of most other MSI-high entities.®

However, it is known that the immunogenicity of tumors—or
lack thereof—is not an invariable predetermined parameter but
rather a dynamic process, which may undergo significant change
during the course of the disease,’ indicating that other factors than
merely the tumor mutational burden must be at play. PDAC is
generally characterized by an immunosuppressive and immu-
noevasive tumor microenvironment (TME).® Briefly, the TME of
PDAC is composed of extracellular matrix (ECM) proteins, blood
vessels, cancer-associated fibroblasts, pancreatic stellate cells, and
various immune cells. The total population of tumor-associated
immune cells is known as the immune microenvironment (iME).
The iME can include generally immunoactive or immuno-
supportive cell types such as cytotoxic T cells on one hand, as well
as immunosuppressive cell types such as tumor-associated mac-
rophages, myeloid-derived suppressor cells, and regulatory T cells
(Treg cells), on the other hand. Not surprisingly, studies have
shown that immunosuppressive cell types are generally enriched
in PDAC. Understanding when and how this immunosuppressive
TME is initiated and promoted during pancreatic carcinogenesis is
a pivotal first step in overcoming immunosuppression in pancre-
atic cancer and to possibly find ways to intervene in pancreatic
carcinogenesis at the stage of precursor lesions.

Tenascin C (TNC) and periostin (POSTN) are (glyco-)proteins of
the ECM, which have been shown to be overexpressed in PDAC”!!
and are hypothesized to be involved in modulating the iME in
various diseases. Briefly, TNC can exert immunoactive properties
on one hand, for example, by upregulating genes involved in
antigen processing and presenting but, on the other hand, can
play an immunosuppressive role, for example, by forming of a
physical barrier trapping tumor-infiltrating CD8% T cells.!>!?
POSTN is thought to exert mostly immunosuppressive functions,
for example, its expression has been shown to be associated with
increased M2 macrophage infiltration.'*

A simultaneous analysis of murine and human tissues using
cohorts of well-characterized PDAC precursors was conducted to
achieve a comparative and detailed characterization of the iME of

PDAC precursors in mice and humans. Genetically engineered
mouse models of pancreatic cancer with genetic knockout of TNC
and POSTN were used to investigate their effects on the iME.

Materials and methods

Collection of Murine Tissue and Preparation of Murine Tissue
Microarrays

Ptf1aCre'®/*;LSL-Kras¢12P/* (KC; n = 7) and PtflaCre'®/*;LSL-
KrasC12P/+;p53flox/flox o ptf1acCret®/+;LSL-Kras®12P/+; p53flox/+
(KPC-like; n = 37) mice were used; 13 mice had an additional
knockout of the ECM protein TNC (PtflaCre'®/*;LSL-Kras®!2P/+:
p53fox/+-TNC/~  or  PtflaCre™®/*;LSL-Kras®12P/+;p53flox/flox.
TNC /"), and 10 mice had an additional knockout of the ECM
protein POSTN (Ptf1aCre'®/*;LSL-Kras¢12P/+: p53flox/flox. pogTN -~/
PtflaCre'®/+;LSL-Kras®12P/+;p53f10x/+:pOSTN /= and Ptf1aCre'®/*;
LSL-Kras®'?P/+:POSTN~/~) (Table 1).

Mice were sacrificed and organs harvested when the pancreas
was markedly enlarged and/or the general condition worsened
significantly (range, 37 days to 480 days from birth). An overview
of the transgenic mouse cohort is given in Table 1.

In total, 140 tissue microarray (TMA) spots were created. Re-
gions of interest from normal pancreatic tissue, pancreatic cancer
precursors lesions (acinar-ductal metaplasia [ADM] and pancre-
atic intraepithelial neoplasia [PanIN]), invasive PDAC and their
surrounding TME, respectively, were selected and transferred to 2
TMA blocks (Manual Tissue Arrayer MTA-1; AlphaMetrix
Biotech). A 1-mm core size was used. An overview of all murine
TMA samples is given in Table 1.

Collection of Human Tissue Samples and Preparation of Human
Tissue Microarrays

Human tissue samples were acquired from the routine diag-
nostic archive of the Institute of Pathology at the University

Table 1
Overview of murine tissue samples (n = 140) from 41 transgenic mice
Genotype No. of mice,
n (%)
KRAS*/~, TP53*/*, TNC*/*, POSTN*/* (Ptf1aCre'®/*; 6 (15)
LSL-Kras®'2P/+)
KRAS*/~, TP53 /-, TNC*/*, POSTN- (Ptf1aCre's/*; 12 (29)
LSL_KraSGIZD/+:p53ﬂox/ﬂ()X)
KRAS*/~, TP53*/~, TNC~/~, POSTN*/* (Ptf1aCre®®/*; 4(10)
LSL-Kras®'2P/+;p53flex/+.TNC /)
KRAS*/~, TP53 /-, TNC/~, POSTN*/* (Ptf1aCre®®/*; 9(22)

LSL-Kras®12P/+; p53flox/flox. pogTN+/ = TNC /)
KRAS*/~, TP53*/*, TNC*/*, POSTN /= (Ptf1aCre'®/*; 1(2)
LSL-Kras®'?P/+;POSTN /)

KRAS*/~, TP53*/~, TNC*/*, POSTN /= (Ptf1aCre®®/*; 5 (10)
LSL-Kras®12P/+;p53flox/+-posTN=/-)

KRAS*/~, TP53 /-, TNC*/*, POSTN/~ (Ptf1aCre®®/*; 4(10)
LSL-Kras®!2P/+;p53flox/flox. pogTN /)

140 TMA samples of
Normal pancreatic tissue 18
ADM 21
PanIN low grade 31
PDAC (central tumor region) 35
PDAC (peripheral tumor region) 35

ADM, acinar-ductal metaplasia; IPMN, intraductal papillary mucinous neoplasm;
MCN, mucinous cystic neoplasm; PanIN, pancreatic intraepithelial neoplasm;
PDAC, pancreatic ductal adenocarcinoma.
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Hospital of Dusseldorf, Germany. Samples include tissue from
patients who underwent pancreatic surgery at the University
Hospital of Dusseldorf between 2008 and 2016 (n = 76). All
available hematoxylin and eosin slides were re-evaluated, and
diagnoses were updated to the newest classifications and ter-
minology.”® In total, 221 TMA spots were created: regions of in-
terest from normal pancreatic tissue, pancreatic cancer
precursors lesions (ADM; PanIN; intraductal papillary mucinous
neoplasm [IPMN]; intraductal oncocytic papillary neoplasm
[IOPN]; and mucinous cystic neoplasm [MCN]), invasive PDAC
and their surrounding microenvironment, respectively, were
selected and transferred to TMA blocks. A 2-mm core size was
used for human tissue TMAs to ensure sufficient TME was
included for each lesion. Tissue cores from normal lymph nodes
were included as positive controls. An overview of all human
TMA samples is given in Table 2. Of note, IOPN and pan-
creatobiliary IPMN were not used for statistical analyses, as only
1 case per entity was available, respectively.

Multiplex Immunofluorescence for Human and Murine Tissue
Samples

Multiplex immunofluorescence (mlIF) allows for the simulta-
neous staining of a single tissue sample with multiple antibodies.
Reagents from the Opal7-Color Manual IHC Kit (PerkinElmer)
were used. Heat-induced epitope retrieval was achieved by
incubating slides in a microwave on medium heat for 15 minutes.
Endogenous peroxidase blocking and protein blocking was ach-
ieved by applying 3% H20; in phosophate-buffered saline for 20
minutes and Antibody Blocking Solution for 10 minutes. Subse-
quently, the first primary antibody diluted in Antibody Diluent/
Blocking Solution was applied onto the slides and incubated
overnight. Afterward, the secondary antibody (Opal Polymer HRP
mouse and rabbit antibody) was applied for 10 minutes. Subse-
quently, Opal Fluorophore Working Solution (containing the
respective fluorochrome und Amplification Diluent, 1:100) was

Table 2
Overview of human tissue samples (n = 221) from 76 patients

Characteristic Value

Sex, n (%)
Female 45 (59)
Male 31 (41)

Age (y), median (range) 72 (26-84)

221 TMA samples of (n)
Normal pancreatic tissue 69
ADM 16
PanIN low grade 25
PanIN high grade 7
IPMN gastric low grade 28
IPMN gastric high grade 7
IPMN intestinal low grade 5
IPMN intestinal high grade 9
IPMN pancreatobiliary 1
IOPN 1
PDAC (central tumor region) 22
PDAC (peripheral tumor region) 22

MCN low grade
MCN high grade

ADM, acinar-ductal metaplasia; IOPN, intraductal oncocytic papillary neoplasm;
IPMN, intraductal papillary mucinous neoplasm; MCN, mucinous cystic
neoplasm; PanlIN, pancreatic intraepithelial neoplasm; PDAC, pancreatic ductal
adenocarcinoma.

applied to the slides and incubated for 10 minutes. To resolve the
primary-secondary antibody complex, slides were then heated in
the microwave for 15 minutes. Afterward, the protocol was
repeated starting from the blocking step, using the further pri-
mary antibodies. Each of them was incubated for 60 minutes at
room temperature. For each antibody, a different fluorochrome
with a different wavelength spectrum was used. Finally, slides
were counterstained with 4/,6-diamidino-2-phenylindole (DAPI)
working solution for 5 minutes. All primary antibodies and
respective fluorochromes are listed in Supplementary Table S1
(murine samples) and Supplementary Table S2 (human samples).

p53 Immunohistochemistry of Human Tissue Samples

TMAs of human tissue samples were stained with an anti-p53
mouse monoclonal antibody (clone DO-1) at a dilution of 1:200
on the BenchMark automated IHC/ISH slide staining system
(Ventana Medical Systems) according to the protocol established
for routine diagnostics at the Institute of Pathology at the Uni-
versity Hospital of Dusseldorf, Germany. Aberrant p53 staining
was defined as either overexpression (strong nuclear staining in
>80% of nuclei) or total loss of staining. Cells in surrounding
stroma served as internal control.

Image Data Processing and Semiautomated Image Analysis

mlIF was visualized using a Leica TCS SP8 STED 3x confocal
microscope equipped with a HC PL APO CS2 20x/0.75 multi-
immersion objective (Leica Microsystems). Images were taken
using Leica Application Suite X software (Leica Microsystems).
Further image analysis was performed with FIJI/Image] (National
Institutes of Health). To account for differences in staining in-
tensities and background staining between different antibodies,
an individual macro was written for the semiautomated analysis
of each antibody in each tissue type (murine vs human). Macros
defined parameters for thresholding, smoothing, and deter-
mining the minimum and maximum size of the stained particles
to be counted. In brief, macros thresholded the channel of choice
using the Yen-autothreshold algorithm and removed single pixel
events in the first place by the despecle function. Positive areas
were counted by the analyze particle function, and detailed
readout results (number and area) were used for downstream
analysis. An exemplary FIJI macro (used for FoxP3 analysis) and
exemplary input and result data are provided at https://github.
com/SHaensch/2025_FoxP3Quant. For each sample and marker,
the total number of cells stained with the respective antibody
was counted. Subsequently, marker-positive cell counts and total
cell counts (DAPI-positive cells) were first normalized to tissue
area (cells/mm?). Their ratio was then calculated (marker-posi-
tive cells/area in mm? divided by DAPI-positive cells/area in
mm?), yielding the proportion of marker-positive cells in per-
centage, independent of tissue area.

Statistical Analysis

Statistical analyses were performed using SPSS (version 29;
SPSS Inc., Chicago, IL, USA). Kruskal-Wallis test was used to
compare median values of >2 groups. Dunn—Bonferroni correc-
tion was used during post hoc analysis. P value of <.05 was
considered statistically significant. Graphs in Figures 1 to 4 were
created using GraphPad Prism (version 1.3.1; GraphPad Software
Inc., Boston, MA, USA).
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Innate immune response in pancreatic ductal adenocarcinoma (PDAC) mouse models. (A) F4/80" macrophages (light blue plots) are increased in PDAC compared with acinar-
ductal metaplasia (ADM). No statistically significant differences in the relative numbers of CD163" (M2) macrophages (green plots) alone are noted when comparing PDAC,
precursors, and normal pancreas tissue. *P < .05. (B) Large proportions of the F4/80" macrophages are also CD163", indicating M2 macrophages (dark blue columns). (C)
Macrophages are increased in pancreatic intraepithelial neoplasm (PanIN) and PDAC compared with normal pancreas and ADM. Pink, F4/80" macrophages; blue, CD163" M2
macrophages; gray, 4',6-diamidino-2-phenylindole (DAPI; magnification, x200). Second row: corresponding hematoxylin and eosin stainings.

Results

Innate Immune Response in Mouse Models of Pancreatic Ductal
Adenocarcinoma and Its Precursors

Supplementary Table S3 presents the median values and
ranges (minimum to maximum) of immune cells positive for each
marker across all evaluated murine tissue types. Values are given
as percentages of all DAPI-positive cells. In mice, tryptase-
positive mast cells were significantly enriched in PDAC (central
PDAC: 24.31%; P = .008; peripheral PDAC: 31.98%; P = .001),
compared with those in normal pancreatic tissue (11.47%).

Similarly, F4/80" macrophages were increased in PDAC (cen-
tral PDAC: 8.43%; P = .029; peripheral PDAC: 5.59%; P = .012)
compared with those in ADM (median: 0.00%) (Fig. 1A). It was
noted that a large proportion of the F4/80" macrophages were
CD163" M2 macrophages (Fig. 1B, C). However, a comparison of
the relative numbers of CD163™ cells alone in PDAC vs precursors

vs normal pancreas tissue yielded no statistically significant dif-
ferences (Fig. 1A). The numbers of mast cells and macrophages
were not significantly increased in murine precursors (ADM or
PanIN) when comparing them with normal murine pancreas
tissue.

Innate Immune Response in Human Pancreatic Ductal
Adenocarcinoma and Its Precursors

Supplementary Tables S4 and S5 show the median values and
ranges (minimum to maximum) of immune cells positive for each
marker across all evaluated human tissue types. Values are given
as percentages of all DAPI-positive cells.

In human tissue samples, tryptase-positive mast cells were
increased in several precursor lesions compared with those in
normal tissue. The median percentage of tryptase-positive cells
in normal tissue was 1.12%; in ADM, 3.78% (P < .001 vs normal); in
PanIN, 3.00% (P < .001); in gastric IPMN, 3.13% (P < .001); and in
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Figure 2.

Macrophages in human pancreatic ductal adenocarcinoma (PDAC). (A) All macrophages (CD68™ cells, light blue plots) and M2 macrophages (CD163™ cells, dark blue plots) are
significantly enriched in human PDAC compared with normal pancreatic tissue. ***P < .001. (B) Multiplex immunofluorescence shows an increase in CD68" and CD163" cells in
PDAC compared with those in normal pancreas tissue. Pink, CD68 " macrophages; blue, CD163" M2 macrophages; gray, DAPI (magnification, x200). Second row, corresponding

hematoxylin and eosin stainings.

intestinal IPMN, 2.34% (P = .021). However, in PDAC, mast cell
numbers decreased again to levels similar to those in normal
tissue (1.77%; no statistically significant difference compared
with normal tissue), indicating a dynamic immunomodulatory
process.

Macrophages (identified via CD68 positivity in human
samples) were increased in human ADM and PDAC compared
with normal tissue. The median percentage of CD68™ cells was

3.70% in normal pancreas tissue, whereas it was 22.16% in ADM
(P <.001) and 17.57% in PDAC (P < .001).

Contrary to results in mice, we could also demonstrate a sig-
nificant increase of CD163™ M2 macrophages in human ADM and
PDAC tissue samples: The median percentage of CD163" cells was
4.39% in normal pancreatic tissue, but 12.59% in ADM (P =.008),
18.57% in central PDAC (P < .001), and 12.02% in peripheral PDAC
(P <.001) (Fig. 2).
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Figure 3.

Adaptive immune response in pancreatic ductal adenocarcinoma (PDAC) mouse models. A. Most lymphocytes in murine normal pancreas tissue, acinar-ductal metaplasia
(ADM), and PDAC are CD3™" T cells (light blue columns), whereas CD19" B cells (dark blue columns) dominate only in PanIN. (B) CD4" T helper cells (dark red plots) are the most
common type of T cells in murine tissue and show a significant increase in central PDAC tissue compared with ADM tissue. **P < 0.01. No significant differences can be noted
regarding the fraction of CD8a"/granzyme B* T cells between PDAC vs precursors vs normal pancreas tissue in mice.
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Figure 4.

Adaptive immune response in human pancreatic ductal adenocarcinoma (PDAC) and its precursors. (A) Adaptive immune response in human pancreatic carcinogenesis is
consistently dominated by CD3™ T lymphocytes (light blue columns) rather than CD20" B lymphocytes (dark blue columns). (B) The number of CD8™" cytotoxic T cells is highly
dynamic in human pancreatic carcinogenesis, showing an increase in some precursor lesions (ADM, PanIN high grade, and intraductal papillary mucinous neoplasm [IPMN]
gastric low grade), but low numbers of CD8" T cells in intestinal IPMN, mucinous cystic neoplasm (MCN), and invasive PDAC. *P < .05; **P < .01. (C) Compared with normal
pancreas tissue, CD8" cytotoxic T cells are increased in ADM, high-grade PanIN, and low-grade gastric IPMN, whereas high-grade gastric IPMN show a slight decrease in CD8*
cells. Pink, CD8" cytotoxic T cells; gray, DAPI (magnification, x200). Second row, corresponding hematoxylin and eosin stainings.
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Of note, both CD68" and CD163™ (M2) macrophages showed a
broad range of abundance in human PDAC precursor lesions,
including earlier precursors such as ADM (CD68" cells: range,
5.73%-41.75%; CD163™ cells: range, 2.60%-36.20%), as well as high-
grade precursors, such as intestinal IPMN high-grade (CD68™ cells:
range, 2.59%-38.78%; CD163™" cells: range, 1.06%-18.18%).

Adaptive Immune Response in Mouse Models of Pancreatic Ductal
Adenocarcinoma and Its Precursors

Comparison of CD3" T cells and CD19" B cells in murine tis-
sues showed a relative predominance of T lymphocytes over B
lymphocytes in the immune infiltrate of central and peripheral
PDAC, ADM, and normal pancreatic tissue. In contrast, a relative
predominance of B cells was found only in PanIN (Fig. 3A).

The most prevalent T cell type in all murine tissues were CD4*
T helper cells. T helper cells were not only higher in relative
numbers than in CD8"/granzyme B cytotoxic T cells in murine
PDAC, precursors, and normal pancreas tissue but also showed a
statistically significant increase when comparing central PDAC
(5.25%) with ADM (1.74%; P = .008) (Fig. 3B).

FoxP3™ regulatory T cells represented only a small propor-
tion of all CD4™" T cells in all murine tissues (medians, <0.5%
across all murine tissue types). Proportions of PD-1" immune
cells ranged from 0% to 30.67% in murine tissue types (median,
1.89%). Murine ADM, PanIN, and PDAC showed slightly
increased numbers of PD-17 immune cells compared with
murine normal pancreas tissue; however, differences were not
statistically significant.

Influence of Mouse Genotype on Immune Microenvironment

Tissues of mice with Tp53 wild-type (n = 7) showed
significantly higher numbers of CD3™ T cells than heterozygous
Tp53 knockout mice (n = 9) and homozygous Tp53 knockout
mice (n = 25; both P <.05), which could suggest effects on the
iME as a facilitating factor within the prognostically unfavor-
able role of Tp53 mutations in human PDAC. Additional
knockouts of the ECM protein TNC or POSTN had no observable
effect on the immune cell infiltrate of murine PDAC or pre-
cursor lesions.

Adaptive Immune Response in Human Pancreatic Ductal
Adenocarcinoma and Its Precursors

Pancreatic normal tissue, all analyzed pancreatic precursors
lesions (ADM, PanIN, IPMN, IOPN, and MCN), and PDAC showed a
strong predominance of CD3* T lymphocytes vs CD20" B lym-
phocytes (Fig. 4A). Notably, PanIN low grade, which showed a
predominance of B cells in mouse models, showed no such
exception in human tissue samples.

CD4" T cells (accounting mainly for T helper cells) showed
increased numbers in ADM (4.15%; P = .004), PanIN (3.16%;
P =.008), gastric-type IPMN (2.91%; P =.048), and PDAC (4.85%;
P < .001), compared with normal pancreas tissue (1.22%).
Similarly, FoxP3+ Tregs were increased in human ADM (0.11%;
P = .003), PanIN (0.07%; P = .043), gastric-type IPMN (0.08%;
P = .003), and PDAC (0.15%; P < .001), when compared with
normal tissue (0.02%). No significant differences in T helper cell
or Treg numbers could be noted in other pancreatic cancer
precursors vs normal tissue.

Although CD8" cytotoxic T cells showed generally low levels
in murine tissues and no significant differences between murine
pancreatic tissue types (PDAC vs precursors vs normal pancreas
tissue), significant differences were observed in human tissue
samples. In human samples, normal tissue showed low levels of
cytotoxic T cells (median 1.31%), whereas CD8' cells were
enriched in ADM (5.34%; P =.007), PanIN (3.94%; P =.002), and
gastric-type IPMN (3.73%; P = .001) but not in other precursor
lesions such as intestinal-type IPMN or MCN (Fig. 4B, C). PDAC
tissue showed low numbers of CD8" cytotoxic T cells (1.93%; no
statistically significant difference to pancreatic normal tissue),
congruent with its known immunosuppressive microenviron-
ment (Fig. 4B, C).

PD-1" immune cells were generally sparse in human tissue
types. However, a significant increase of PD-1" immune cells
could be noted comparing human ADM (0.04%; P =.043), PanIN
(0.05%; P = .006), gastric-type IPMN (0.06%; P < .001), and
PDAC (0.02%; P = .029) with normal human pancreas tissue
(median, 0.00%).

Association between p53 Status and Immune Microenvironment
in Human Tissue Samples

In TMAs containing human tissue samples, lesions displaying
a p53 wild-type staining pattern were compared with lesions
showing aberrant p53 staining with respect to abundance of
CD3™ cells; in human tissue samples, no significant differences
were observed (not shown).

Discussion
Immune Microenvironment in Human PDAC and Its Precursors

The iME is characterized by a heterogeneous and highly dy-
namic pattern during pancreatic carcinogenesis. Relevant effects
of the pancreatic cancer iME on the course of disease have been
described in the literature. For example, it has recently been
shown that nonrecurrent pancreatic cancer is characterized by an
active response of the adaptive immune system and is rich in
proinflammatory cytokines.'®

In this study, a synchronous analysis of murine and human
tissues using identical methodology was undertaken to achieve a
detailed and comparative characterization of iME of various
precursors in both mouse models and human tissue samples. The
cohorts used in this study consist of PDAC, PDAC precursors, and
normal pancreatic tissue. All lesions were (re-)characterized ac-
cording to the newest classification system to ensure reliable and
reproducible results.

Notably, we were able to show that changes in the iME occur
as early as in the state of metaplasia, namely during ADM.
Interestingly, human ADM already seem to be enriched in cell
types typically associated with immunosuppression, such as
CD163" M2 macrophages, CD4" T helper cells, and FoxP3* Tregs.
Although human PanIN and gastric IPMN very similarly showed
an increase in T helper cells and Tregs, intestinal IPMN and MCN
did not show a significant increase in these cell types. Tran-
scriptome studies have delivered evidence that even early PDAC
precursor lesions such as ADM and PanIN may in fact have the
potential to recruit and interact with immune cells."”

On the contrary, cytotoxic T cells, which are typically thought
of as immunoactive cells, seem to show very variable levels in
human pancreatic tissues during carcinogenesis. Cytotoxic T cells
were significantly elevated in ADM and other pancreatic cancer
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precursor lesions but seem to decrease again in PDAC, compatible
with the known immunosuppressive microenvironment of PDAC.
The immunosuppressive nature of PDAC iME is further corrobo-
rated by the fact that immunosuppressive cells were shown to be
enriched in PDAC (CD4™" T helper cells, FoxP3* Tregs, and CD163*
M2 macrophages) in this study.

Regarding the cytotoxic T cell response, it is very notable that
some precursors—namely, ADM, PanIN, and gastric IPMN—seem
to show a transient increase in T cell response during carcino-
genesis, whereas others—such as intestinal IPMN and MCN—do
not. This seems to be in line with results of extensive (epi-)ge-
netic studies, which underscored the close similarities between
PanIN and gastric IPMN and significant differences between those
lesions on one hand and intestinal IPMN on the other hand, which
may be linked to different cells of origin and different patterns of
injury triggering their development.'® Because many studies have
focused on IPMN as a single entity with no separate analyses of
different histotypes, extensive data are yet missing. As most
gastric-type IPMN are low-grade IPMN and most intestinal-type
IPMN are high-grade IPMN—a distribution that is also reflected
in the samples used in this study (Table 2)—, it is also possible
that IPMN show cytotoxic T cell response in earlier stages and lose
it during progression to high-grade lesions. Recently published
studies also identify the critical turning point in the progression
model of IPMN at the transition from low-grade to high-grade
dysplasia, demonstrating a significant increase of macrophages
and decrease of cytotoxic T cells at this step.'”?° It was pointed
out in a recent study that increasing numbers of macrophages in
human IPMN were often restricted to focal regions of high-grade
dysplasia,’® which may explain broad ranges in macrophage
abundance across different cases from the same lesion types
found in our study and could be resulting from the fact that
macrophages are niche-dependent cells responding to local
microenvironmental cues. However, it must be noted that larger
areas within single lesions were not evaluated in the present
study, as TMAs were used. Findings underscoring the global
decrease of cytotoxic T cells during the shift from low-grade to
high-grade lesions'® have led to the suggestion that the pro-
gression of low-grade IPMN could possibly be delayed by thera-
pies supporting the cytotoxic T cell reaction.’’ As the
immunosuppression in IPMN in particular seems to be mediated
by PD-L1 expression on immune cells, immunotherapeutic stra-
tegies using anti—PD-1 substances may reverse the associated
immunosuppression in high-risk IPMN.?? The lack of a prominent
T cell response in MCN, on the contrary, could possibly be
explained by the fact that their development and growth is hor-
mone-dependent rather than immune-dependent. Other studies
have also shown that the increase of CD8™ T cells is significantly
higher in IPMN than those in MCN when compared with normal
pancreas tissue.?>

Another level of complexity is introduced by recent 3-
dimensional morphomolecular analyses of pancreatic pre-
cursors, largely focused on PanIN. These studies indicate that
these lesions are frequent, spatially extensive, and clonally het-
erogeneous, with true 3-dimensional size often exceeding what
is appreciated in 2-dimensional sections, challenging the tradi-
tional size-based classification scheme.’*?> In fact, there are
findings suggesting that the iME of PanIN, in particular, seems to
be not only heterogeneous but also depending on the level of
dysplasia and size.”® Such heterogeneity at the precursor level
implies that epithelial evolution occurs within a nonuniform
tissue context, prompting the question of how local iMEs differ
across precursor lesions and whether immune composition or
spatial organization contributes to lesion fate.

Immune Microenvironment in Mouse Models of PDAC and Its
Precursors

Although transgenic mouse models do show a similar
immunosuppressive iME in PDAC as in human PDAC (rich in
macrophages and T helper cells), results regarding the iME of
precursors—namely ADM and PanIN—differ from those found in
human tissues in the presented study. Notably, neither murine
ADM nor murine PanIN showed any significant increase in CD8™"
cytotoxic T cells. This suggests that caution must be taken when
translating findings from mouse models to humans regarding
iME during pancreatic carcinogenesis. Of note, murine PanIN also
represent the only precursor lesion within this study in which B
cells generally predominated over T cells. Depending on their
subtype, B cells can either play an immunoactive role (eg, pre-
senting tumor antigens to T cells and producing antitumoral an-
tibodies) or an immunosuppressive role (eg, regulatory B cells
producing anti-inflammatory cytokines) in pancreatic carcino-
genesis.”’?? Similar to our results, a study using a KPC mouse
model also found an unexpectedly high number of CD19™ B cells
in KPC mouse samples, including PanIN of KPC mice.*° A classi-
fication of B cell subtypes is needed in the future to further
elucidate the role (immunoactive vs immunosuppressive) of B
cells in pancreatic iME.

We found a significant influence of Tp53 mutational status on
the infiltration of murine tissues with cells of the adaptive immune
system. In comparison with Tp53 wild-type mice, we found
significantly lower numbers of T cells in Tp53 knockout mice. This
may be due to the ability of the tumor suppressor p53 to
communicate with the adaptive immune system and influence the
cytotoxic T cell response, possibly by regulating the expression of
major histocompatibility complex I (MHC I) on the cell surface.' >3
Whether a similar effect is in place during human pancreatic
carcinogenesis is yet to be elucidated; however, it is known that an
active cytotoxic T cell response is linked to favorable prognosis in
human PDAC, on one hand,>'® and that TP53 mutations are linked
to poorer prognosis in human PDAC, on the other hand.>*

Elusive Effect of TNC and POSTN on the Immune
Microenvironment of Pancreatic Cancer and Its Precursors

Transgenic mice with an additional knockout of the ECM
proteins TNC and POSTN, respectively, were included in this study
to evaluate the influence of both proteins on pancreatic carci-
nogenesis. Although both have been shown to exert immuno-
modulatory functions,'?'* no effect of TNC or POSTN could be
demonstrated in this study. Although this study provides a
detailed quantitative analysis of the iME in a thoroughly char-
acterized cohort, some qualitative changes in immune cells may
remain undetected. For example, a main mechanism of immu-
nosuppression of TNC studied in the literature is the entrapment
of CD8* cytotoxic T cells.'>'"® This does not necessarily equal a
change in CD8* cytotoxic T cell numbers, and a detailed spatial
analysis of the tissue may be needed to verify this effect. Simi-
larly, proinflammatory effects of TNC exerted by upregulation of
genes related to antigen processing and presentation within
immune cells may evade detection by our quantitative-centered
approach. Although POSTN has been suggested to affect the
number of infiltrating M2 macrophages,' this cell type was
generally rare within murine tissue (Fig. 1A). Thus, changes may
have been too subtle to detect using only mIF. In general, methods
offering high-resolution insights into the iME, such as single-cell
RNA sequencing or spatial transcriptomics, may be needed to
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unveil TNC- and POSTN-related functional changes—for example,
in gene expression profiles or cytokine production—, to study
rare cell types, and to uncover possible compensatory mecha-
nisms, that is, the upregulation of other proteins linked to TNC/
POSTN knockout.

In conclusion, this study focused on the temporal evolution of
iME in murine and human pancreatic carcinogenesis and on the
differences of iME in different precursor lesions. We could show
that certain immune cell populations in early precursors show
changes comparable in magnitude with those in invasive PDAC.
This aligns with the emerging concept that pancreatic precursor
lesions are biologically active and induce stromal remodeling and
immune cell engagement well before overt invasion.>> Mecha-
nistically, immune cell alterations in preinvasive lesions can be
explained by tissue injury associated with chronic inflammation
and effects of early genetic events such as KRAS mutations.>®

Further studies are needed to gain a deeper understanding of
the spatial relationship between pancreatic cancer precursors
and iME—for example, distinguishing loose vs dense immune cell
infiltration or intratumoral vs peritumoral immune cell infil-
trates—and to verify the functional relevance of quantitative
changes. Although the present study focused on the most com-
mon PDAC precursors, rare precursor subtypes with high malig-
nant potential, such as IOPN and pancreatobiliary-type IPMN,
represent distinct entities with potentially unique immune
microenvironmental features and will require dedicated future
studies.
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