Cancer Immunology, Immunotherapy (2026) 75:99
https://doi.org/10.1007/500262-026-04343-w

RESEARCH q

Check for
updates

Protein-level profiling of TIGIT axis components in human PDAC
reveals immune-suppressive expression patterns
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Abstract

Purpose In pancreatic ductal adenocarcinoma (PDAC), immune checkpoint inhibitors have shown limited efficacy, and the
role of the TIGIT axis remains underexplored. This study aimed to characterize TIGIT axis components on protein level and
their relationship to PD-1/PD-L1 expression in matched blood and tumor samples from PDAC patients to identify immuno-
suppressive mechanisms and fuel future strategies for immune checkpoint co-targeting in PDAC patients.

Experimental design Fresh tumor and peripheral blood samples were collected from PDAC patients undergoing surgical
resection. Flow cytometry was performed on tumor-infiltrating lymphocytes and PBMCs to assess expression of TIGIT,
DNAM-1, TACTILE, and PD-1. Ligands CD111, CD112, CD113, and CD155 were analyzed using immunohistochemistry.
Additional RNA expression analysis (TCGA/GTEx) was used to evaluate ligand distribution and gene expression profiles.
Results TIGIT was highly upregulated on intratumoral CD8" T cells and regulatory T cells, frequently co-expressed with
PD-1. DNAM-1 expression was significantly reduced in tumors. However, contrasting pattern emerges with Tregs, which
uniquely upregulate DNAM-1 in the PDAC TME. In addition, CD112 and CD155 were broadly expressed, including novel
stromal CD112 localization. NK cells were nearly absent intratumorally, correlating with DNAM-1 downregulation.
Conclusions Our findings identify TIGIT as a promising immunotherapeutic target in PDAC and suggest that dual checkpoint
blockade (TIGIT/PD-1), alongside restoration of DNAM-1 signaling, may overcome immune suppression. These results
provide mechanistic rationale to inform future clinical trials in PDAC.
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Introduction

E. Smits and J. Van Audenaerde have contributed equally to this
work. Pancreatic ductal adenocarcinoma (PDAC) remains one of

the most lethal cancer types and is predicted to become the
second leading cause of cancer-related deaths by 2030 [1].
The 5-year overall survival rate remains below 10%, with
little improvement over the past decades. This is due to the
prevalence of therapy resistance, which continues to be a
major obstacle in clinical treatment [2]. Surgical resection
of the tumor remains the only curative option for PDAC
patients. However, only a 20% of the patients are eligible
for surgery, as most patients are diagnosed at late-stage,
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with locally advanced or metastatic disease [3—6]. There-
fore, systemic chemotherapy is the mainstay treatment for
most PDAC patients, with the standard of care being FOL-
FIRINOX for those with a high-performance status and gem-
citabine plus nab-paclitaxel for others [7].
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The emergence of immune checkpoint inhibitors
(ICI), targeting the programmed cell death protein-1/pro-
grammed death ligand-1 (PD-1/PD-L1) axis and cytotoxic
T-lymphocyte—associated protein 4 (CTLA-4), has revo-
lutionized cancer treatment for several cancer types [8].
However, early clinical studies evaluating these ICI, both
as monotherapies and in combination, failed to demon-
strate objective responses in PDAC patients [9-12]. This
limited efficacy of ICI in PDAC is often attributed to its
unique tumor microenvironment (TME). This complex
ecosystem drives tumor progression through mediating
resistance to treatment and promoting metastatic spread
and recurrence [13, 14]. Extensive profiling of the immune
landscape of the human PDAC TME has revealed a com-
plex environment of immunosuppressive cell populations
and dysfunctional cytotoxic immune cells [15—-17]. This
intricate immune landscape facilitates immune evasion
and tumor progression, making it a significant challenge
for effective treatment. Within this context, the immune
checkpoint TIGIT (T cell immunoreceptor with Ig and
ITIM domains) has emerged as a critical modulator of
immune suppression in PDAC [15, 16].

The TIGIT axis represents a complex regulatory path-
way involving TIGIT, DNAM-1 (CD226), and TACTILE
(CD96), which collectively modulate immune responses
within the TME [18]. These receptors compete for shared
ligands, including CD155 (PVR) and CD112 (NECTIN2),
which play a central role in controlling immune activation
and cytotoxicity. The balance between these receptors is
crucial for immune regulation, with TIGIT generally out-
competing DNAM-1, thereby facilitating immune evasion
[19]. Additionally, TACTILE functions as an inhibitory
receptor that promotes tumor immune escape, further com-
plicating immune regulation [18]. Until today, there are
very few clinical trials that target TIGIT in PDAC patients
(NCT05951608) and in some cases PDAC patients are
even excluded from enrollment (NCT05757492).

The interplay between the TIGIT axis and PD-1 sign-
aling introduces another layer of complexity [20]. Pre-
clinical and clinical studies in various cancer types pointed
out the potential of combined targeting of these pathways
[21, 22]. However, in PDAC, the only clinical trial to date
evaluating this combination strategy, conducted on a lim-
ited cohort, did not demonstrate therapeutic benefit [23].
While these findings are not definitive, they highlight the
need for deeper exploration of the TIGIT axis to identify
mechanisms of resistance and optimize future combina-
tion therapies. Therefore, this study aims to characterize
key components of the TIGIT axis alongside PD-1/PD-L1
signaling in matched blood and tissue samples of PDAC
patients.
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Material and methods
Sample collection

Fresh tumor specimens were collected from pancreatic
cancer patients who underwent surgical resection of the
pancreatic tumor (Whipple procedure or distal pancreatec-
tomy) at the Antwerp University Hospital. Tumor speci-
mens were cut into 1-2 mm?° tissue fragments, transferred
in freezing medium (FBS + 10% DMSO), and stored in
liquid nitrogen until further use. Additionally, paraffin-
embedded tumor tissue fragments were obtained from
resected specimen through the TumorBank @ UZA.

During surgery, up to 50 mL of peripheral blood was
collected in heparin tubes, for all patients consented. Periph-
eral blood mononuclear cells (PBMCs) were freshly isolated
on the same day using Ficoll-Density centrifugation (GE
Healthcare & Life Science). Isolated and washed PBMCs
were resuspended in freezing medium (FBS + 10% DMSO)
and stored in liquid nitrogen until further use. All human
samples were obtained via Biobank Antwerp (Antwerp, Bel-
gium, ID: BE 71030031000).

Flow cytometry

One day beforehand, PBMC and tumor tissue samples were
thawed and rested overnight in PBMC medium (RPMI
1640 supplemented with 10% FBS, 2 mM L-glutamine,
100 U/mL penicillin, 100 ug/mL streptomycin, and 1 mM
sodium—pyruvate) and 0.1 mg/mL DNase (Sigma-Aldrich)
was added to prevent clumping of dead cells. On the day of
staining, single-cell suspensions of tumor tissue fragments
were obtained by enzymatic digestion using 2.5 mg/mL
collagenase D (Sigma-Aldrich) and 0.2 mg/mL DNAse
(Sigma-Aldrich) in PBMC medium, with gentle shaking at
37 °C for 1h, followed by filtration over a 100 um strainer
(Corning). PBMCs were harvested and washed with FACS
buffer (PBS +2% BSA +1 mM EDTA).

Complete tumor tissue single-cell suspensions and
1 X 10E6 PBMCs per patient sample were used for stain-
ing. Prior to staining, all samples were blocked with 10%
normal human serum (Sigma-Aldrich) in FACS buffer at
4 °C for 30 min. Next, all samples were stained with a
cell-surface antibody cocktail in a 50 L final volume. All
antibodies and used dilutions are listed in Supplementary
Table 1. Staining was carried out at 4 °C for 30 min.

Data acquisition was performed with the NovoCyte Quan-
teon (Agilent Technologies) flow cytometer. Data analysis
was performed using FlowJo (RRID:SCR_008520) software
(BD Biosciences) version 10.8.1 or higher. Gating strategy
is depicted in Supplementary Fig. 1 A-B. Samples with low
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cell counts were excluded from analysis according to the
flowchart in Supplementary Fig. 2B.

Immunohistochemistry staining

Paraffin-embedded tumor tissue samples were sectioned
into 5-um-thick slices and subjected to heat-induced antigen
retrieval. This involved incubation in either a low-pH (pH 6) or
high-pH (pH 9) buffer at 97 °C for 20 min, depending on the
specific staining requirements. Subsequently, endogenous per-
oxidase activity was quenched by incubating the slides in per-
oxidase blocking buffer (DAKO) for 5 min. PD-L1 staining was
performed with the PD-L1 IHC 22C3 pharmDx kit (DAKO/
Agilent) according to manufacturer’s instructions on an Omnis
platform (Agilent). Other slides were manually stained with
antibodies targeting CD155 (Cell Signaling Technology Cat#
81254, RRID:AB_2799970), CD112 (Sigma-Aldrich Cat#
HPAO012759, RRID:AB_1846227), CD111 (Santa Cruz Bio-
technology Cat# sc-21722, RRID:AB_626865), and CD113
(Sigma-Aldrich Cat# SAB1402559, RRID:AB_10638278).
The antibodies used and their dilutions are summarized in
Supplementary Table 2. All stained samples were counter-
stained with hematoxylin. Whole slide images of stained sec-
tions were obtained with the Ultra-fast scanner 1.8 (Philips),
using 40 X objective. During export of images from the Phillips
IntelliSite Pathology Solution, images were converted from
ISyntax format to TIFF format. Further manipulations of the
image were performed using Qupath. All stained slides were
scored by an experienced pathologist.

Gene expression analysis

Gene expression data for PDAC were obtained from The
Cancer Genome Atlas (TCGA) via the cBioportal portal.
Expression values were provided in Transcripts Per Million
(TPM) format and processed using RNA-Seq by Expecta-
tion—-Maximization (RSEM) normalization. To compare
gene expression between PDAC tumors and normal pancre-
atic tissue, Gene Expression Profiling Interactive Analysis 2
(Gepia2, RRID:SCR_026154) was used. This tool integrates
expression data from TCGA (tumor) and GTEx (normal tis-
sue) to provide standardized differential expression analysis.
The tool was accessed at http://gepia2.cancer-pku.cn [24].
Fibroblast subtype data were obtained from published single-
cell RNA sequencing data as described in the original pub-
lication [25]. The CAF subset classification and associated
gene- expression matrices were used as provided. Visualiza-
tion of ligand expression across fibroblast populations was
generated using the Scanpy package in Python.

Sex as a biological variable

Sex was considered a biological variable in this study. We
utilized human samples from both male and female PDAC
patients and performed analyses to account for and evaluate
sex-specific differences in our findings.

Data visualization and statistical testing

Student’s ¢t tests were used to compare experimental
groups when all samples were matched (peripheral blood
and tumor tissue). Normality was calculated using Shap-
iro—Wilk. If unmatched samples were included, a linear
mixed-effect model was used. P-values of correlations
were calculated using Spearman’s or Pearson correla-
tion as indicated. P-values < 0.05 were considered signifi-
cant. Data- analysis was performed using GraphPad Prism
(RRID:SCR_002798) version 10.0.0 or higher, Python
(RRID:SCR_024202), and Gepia2. Data visualization was
performed using Biorender (RRID:SCR_018361), Graph-
Pad Prism (RRID:SCR_002798) version 10.0.0 or higher,
Python (RRID:SCR_024202), and Gepia2.

Study approval and patient consent

This study was approved by the Ethics Committee of the
University of Antwerp (Antwerp, Belgium) and the Ant-
werp University Hospital (Antwerp, Belgium) under the
reference number 14/47/480. All patients enrolled in this
study gave informed consent for the collection and use of
tumor specimen and peripheral blood. All participants
supplied material during surgery; therefore, no follow-up
sample collection was required in this study, i.e., there was
no attrition.

Results

Clinicopathological features of the PDAC patient
cohort

The clinicopathological characteristics of the PDAC
patient cohort in this study are summarized in Table 1
and Supplementary Fig. 2A. The cohort consisted of 25
male (70%) and 11 (30%) female patients, with a mean
age of 65 years (50-80 years) at the time of surgery.
Among these patients, 20% received neoadjuvant treat-
ment with FOLFIRINOX, while the remaining patients
received no prior treatment. Following surgery, adjuvant
treatment was given to 64% of the patients, consisting of
FOLFIRINOX or gemcitabine, either as monotherapy or
in combination with capecitabine or nab-paclitaxel. The
cohort included patients with tumor stages ranging from
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Table 1 Demographics and clinical characteristics of enrolled PDAC
patients. Gemcitabine (GEM), apecitabine (CAP), Nab-paclitaxel
(NAB)

Patient characteristics (n=236)

Gender distribution

Male 25 (69.44%)
Female 11 (30.56%)
Age at surgery (years)

Mean+SD 65.5+8.7

Stage distribution

1A 1 (2.78%)
IB 6 (16.67%)
A 5 (13.89%)
1B 13 (36.11%)
11 10 (27.28%)
Unknown 1 (2.78%)
Neoadjuvant treatment

FOLFIRINOX 7 (19.44%)
None 29 (80.56%)
Adjuvant treatment

No 12 (33.33%)
GEM 6 (16.67%)
GEM-CAP 10 (27.78%)
GEM-NAB (7.69%)
FOLFIRINOX (13.89%)
Unknown (2.78%)
Resection status

RO 27 (75.00%)
R1 8 (22.22%)
Unknown (2.78%)
Metastasis occurring

Yes 15 (41.67%)
No 3 (8.33%)
Unkown 17 (47.22%)
Lymph node invasion

Yes 27 (75.00%)
No 8 (22.22%)
Unknown (2.78%)
Neuroinvasion

Yes 28 (77.78%)
No 6 (16.67%)
Unknown 2 (5.56%)

IA to IIT (according to the TNM classification UIC 8th
edition [25]). Lymph node metastases were observed in
75% of the cases, and perineural invasion was identified in
78%. During post-operative follow-up, metastatic disease
was recorded for 42% of patients. However, this informa-
tion was unavailable for most of the cases (47%) due to
follow-up in local non-academic hospitals.
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Distinct immune cell subsets between peripheral
blood and tumor tissue reflect
the immunosuppressive tumor microenvironment

This study aimed to compare the composition of immune
cell subsets between peripheral blood and tumor tissue
in PDAC patients by using multiparametric flow cytom-
etry and immune histochemistry (IHC) staining (Fig. 1A).
Flow cytometry analysis revealed significant differences in
various immune cell subtypes between these two compart-
ments (Fig. 1B—F and Supplementary Fig. 3A), underscor-
ing a distinct immune landscape within the TME of PDAC.

The overall frequency of CD3* T cells was significantly
higher in tumor tissue than in peripheral blood (Fig. 1B).
This is driven largely by a relative enrichment of specific
T cell subsets. Within the CD3* population, CD4" T cells
were significantly more abundant than CD8* T cells in
both compartments, while the levels of both CD4" and
CD8* T cells were markedly lower in PDAC tumor tissue
compared to peripheral blood (Fig. 1B).

Further analysis of the CD4™ T cell population revealed
a significant shift in composition. While CD4+*CD25™
highC127'°% conventional regulatory T cells (Tregs) were
almost absent in all peripheral blood samples, this cell
population was significantly enriched in tumor tissue,
exhibiting a high inter-patient variability in their distribu-
tion (Fig. 1B, D). This enrichment was accompanied by a
pronounced increase in highly immunosuppressive HLA-
DR™ Tregs, highlighting the immune-suppressive nature
of the TME (Fig. 1E). In contrast, CD4*CD25-CD]27hieh
non-regulatory T cells (non-Tregs) were significantly
reduced in tumor tissue (Fig. 1D), further emphasizing the
skewing of T cell populations toward immune suppression.

The most pronounced difference between compartments
was observed in the CD3~CD56™ natural killer (NK) cells.
These cytotoxic immune cells were markedly reduced in
the tumors, with an average 14.5-fold lower frequency
relative to peripheral blood (Fig. 1F) and a range of 3.7-
to 51.8-fold across patients. Within the NK cell subsets,
CD56%™ NK cells, which are primarily associated with
cytotoxicity, were statistically less prevalent in tumor tis-
sue relative to blood (Fig. 1F). In contrast, CD56°" 2" NK
cells, which are predominantly linked to immune regula-
tion, constituted a larger proportion of the NK cell popu-
lation in tumor tissue compared to blood, reflecting a dif-
ference in the NK cell subset composition between these
compartments.

Together, these observations indicate that Tregs and
NK cells differ most prominently in frequency between
peripheral blood and tumor tissue in PDAC.
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Receptor modulation in tumor-infiltrating immune
cells reveals TIGIT axis as a potential key mediator
of PDAC immune evasion

To gain deeper insight into the expression profiles of the
TIGIT axis, which might drive immune suppression in
PDAC, we examined the expression of its key immune
receptors—TIGIT, DNAM-1, and TACTILE—across
various lymphocyte populations from peripheral blood
and tumor tissue (Fig. 2). Notably, the inhibitory recep-
tor TIGIT is consistently higher expressed across all
tumor-infiltrating lymphocyte subtypes (Fig. 2A, D, Sup-
plementary Fig. 3B), both in terms of mean fluorescence
intensity (MFI) per cell and the frequency of TIGIT-
positive cells. Among all analyzed subsets, Tregs exhibit
the highest TIGIT expression, both systemic and within
the tumor (Fig. 2A). Given that TIGIT functions as an
inhibitory receptor on cytotoxic cells including NK and
CD8* T cells, its elevated expression on Tregs enhances
their immunosuppressive capacity [26]. Furthermore, the
induced TIGIT expression on CD8* T cells and NK cells
underscores the suppression of their cytotoxic activity,
reinforcing the immune evasion mechanisms present in
the PDAC TME.

In contrast, the expression of the activating receptor
DNAM-1 shows a marked decrease within the TME across
most investigated immune cell subtypes, with the most pro-
nounced reductions observed in NK cells (Fig. 2B, D, Sup-
plementary Fig. 3B). Furthermore, the frequency of DNAM-
1* CD8* T cells and DNAM-1* NK cells is significantly
diminished in the PDAC tumor, further underscoring the
immune-suppressive nature of the PDAC TME (Fig. 2B).
Notably, Tregs are the only immune cell type that exhib-
its a significant upregulation of DNAM-1, which is even
more pronounced on the highly immunosuppressive HLA-
DR*Tregs. These findings again demonstrate the immuno-
suppressive landscape of PDAC, also by downregulation of
activating receptors.

Finally, TACTILE is expressed by almost all analyzed
immune cell types, both in peripheral blood and tumor-infil-
trating lymphocytes (Fig. 2C and Supplementary Fig. 3B).
Notably, within the NK- cell subtypes, TACTILE was
largely restricted to CD56*€" NK cells. In peripheral blood,
approximately 78% of CD56°"€" NK cells expressed TAC-
TILE, whereas expression was only detected in 10% of the
CD56%™ NK cells. In general, changes in TACTILE expres-
sion between peripheral blood and tissue were comparatively
modest (Fig. 2D), except for CD56%™ NK cells of which
approximately 10% expressed TACTILE in peripheral blood
(Fig. 2C-D). The most notable intratumoral enrichment of

TACTILE expression is observed on Tregs. Specifically,
HLA-DR* Tregs show the largest increase of TACTILE
within the TME (Fig. 2C, D).

Taken together, the differential expression of TIGIT,
DNAM-1, and TACTILE across immune cell subsets under-
scores the complexity and heterogeneity of receptor expres-
sion profiles in PDAC. While further functional validation is
required, these findings underline the potential of targeting
TIGIT to overcome immune suppression in PDAC patients.

Intratumoral regulatory T cells display enriched
co-expression of TIGIT axis receptors in PDAC

Because TIGIT axis receptors share ligands with differ-
ent affinities, we examined their co-expression patterns to
define how these receptors are distributed across immune
subsets. To characterize co-expression patterns of the TIGIT
axis in peripheral blood and PDAC tissue, we analyzed the
combined expression of DNAM-1, TACTILE, and TIGIT
(Fig. 3 and Supplementary Fig. 3C). In peripheral blood,
triple co-expression of these receptors was nearly absent
(<4%) across all systemic T cell subsets, with the exception
for HLA-DR* Tregs in which approximately 8% of the cells
exhibited triple positivity (Fig. 3A). Across all analyzed
populations, the highest frequency of intratumoral triple-
positive cells was observed in Tregs, and more specifically
in the highly immunosuppressive HLA-DR* Tregs, where
29% of the cells displayed all three receptors (Fig. 3A, B). In
contrast, intratumoral CD8 T cells more frequently lacked
expression of all three receptors, as evidenced by the sig-
nificant enrichment of DNAM-1"TACTILE TIGIT~ CD8"
T cells within the tumor tissue (Fig. 3A, B). In contrast,
Tregs within the TME rarely exhibit this triple-negative
phenotype, suggesting their ability to retain higher levels of
receptor expression in the suppressive milieu of the tumor
(Fig. 3A). Additionally, DNAM-1*TACTILE TIGIT™ T cell
subtypes are also more prevalent within peripheral blood, yet
this population undergoes a substantial reduction across all
T cell subsets within the TME with the most striking loss
observed in CD8* T cells and non-Treg populations.

Although these co-expression patterns do not imply func-
tional regulation or causal relationships, they describe dif-
ferences in TIGIT axis-related receptor co-expression across
distinct T cell subtypes in the TME of PDAC.

DNAM-1 expression patterns correlate with NK cell
presence in PDAC

Differences in the expression patterns of DNAM-1, TAC-
TILE, and TIGIT between peripheral blood and PDAC tissue
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«Fig. 1 The blood to tumor lymphocyte landscape in PDAC transi-
tions to immunoregulatory subsets. A Schematic representation
of the study set-up. A total of 36 patients with PDAC tumors were
included in the study. Matched blood and tissue samples were taken
on the day of the surgical procedure. Samples were processed using
multiparametric flow cytometry and/or immunohistochemistry (IHC)
to analyze immune cell subsets and the expression of receptors and
ligands related to the TIGIT axis. The lower panel shows an overview
of patients analyses, indicating which patients (columns) underwent
flow cytometry and/or IHC analysis. Light green squares represent
patients included in the analysis, while dark shaded squares indi-
cate exclusion. B Clustered heatmap showing the log2 fold changes
in immune cell subsets between blood and tumor tissue per patient
(columns) calculated using the frequency among total immune cells
(CD45* cells). Rows represent immune cell subsets. Blue indicates a
decrease, and red indicates an increase in tumor tissue compared to
blood. Gray boxes mark the subsets that were excluded due to low
immune cell counts. Dendrogram represents hierarchical cluster-
ing. (C-F) Boxplots (Tukey) represent the frequency of lympho-
cyte subsets in peripheral blood (blue) versus tumor tissue (pur-
ple). The data are represented by frequency of parent. C Frequency
of CD3" (left panel) and CD4* and CD8* (right panel) T cells in
blood versus tumor. D Frequency of CD4" T cell subsets, includ-
ing CD25CD127"¢" non-regulatory CD4* T cells (nonTregs) and
CD4*CD25"MiehCD127°% regulatory T cells (Tregs). E Frequency
of HLA-DR" Tregs in blood versus tissue. F Frequency of NK
cells within the CD45* population (left panel) and the distribution
of CD56%™ and CD56"" NK cell subsets. Statistical analysis was
performed using a linear mixed-effect model to compare blood and
tissue samples. Significance is indicated by asterisks (*), with p-val-
ues <0.05 considered statistically significant

were also evident for NK cells (Fig. 3C, D). Specifically,
there was a significant increase in NK cells lacking DNAM-1
expression within the tumor (Fig. 3D). This was observed
for both CD356"#" and CD56%™ subtypes. Given the sig-
nificant lack of NK cells within the PDAC tumor (Fig. 1F),
we next examined the relationship between NK cell infil-
tration and their DNAM-1 expression. Correlation analysis
revealed an inverse association between DNAM-1 expres-
sion on NK cells and their abundance within the tumor tissue
(Fig. 3E). Similarly, the proportion of DNAM-1" NK cells
negatively correlated with overall NK cell infiltration. In
contrast, DNAM-1"TACTILE*TIGIT* NK cells showed a
positive correlation with increased NK cell infiltration (Sup-
plementary Fig. 3D).

To assess potential clinical associations, exploratory anal-
yses revealed no significant association between DNAM-1
MEFI on tumor-infiltrating NK cells and overall survival or
disease stage (Supplementary Fig. 4A and B). In contrast,
DNAM-1 MFI was significantly higher in tumors with
perineural invasion, while no difference was observed with
respect to lymphovascular invasion (Supplementary Fig. 4C
and D).

Importantly, these associations do not establish causality,
and reduced DNAM-1 expression might also be a conse-
quence of sustained ligand exposure. Supporting the latter

possibility, analysis of TCGA datasets further revealed a
significant inverse correlation between DNAM-1 expres-
sion and CD112, but not CD155 (Fig. 3F). Given that
high expression of these ligands in the TME might lead to
DNAM-1, downregulation suggests a mechanism by which
tumors could actively suppress DNAM-1 expression to
evade immune surveillance. Collectively, these data under-
score the context-dependent nature of DNAM-1 expression
within the TME of PDAC.

Coordinated expression of TIGIT axis ligands CD112
and CD155 in PDAC

Building on the observed expression patterns of TIGIT
axis receptors in immune cells, we focused on its key
ligands: CD155, CD112, CD111, and CD113. These ligands
interact with various receptors of the TIGIT axis and may
therefore play a critical role in immune evasion (Fig. 1A). To
investigate their expression and spatial distribution we per-
formed IHC analysis (Fig. 4). Unfortunately, CD113 stain-
ing was not suitable for scoring (Supplementary Fig. SA),
limiting our analysis to CD155, CD112, and CD111. IHC
staining revealed a clear presence of these ligands within the
PDAC TME (Fig. 4A). Among them, CD155 and CD112
were significantly more abundant than CD111 (Fig. 4B).
CD155 exhibited the highest expression among tumor cells,
with substantial inter-patient variability. CD112, in contrast,
showed moderate tumor expression, with similar variability
observed across the cohort (Fig. 4B). Notably, CD112 also
displayed stromal staining in 25% of patients (Supplemen-
tary Fig. 5C).

To complement these protein-level findings, we ana-
lyzed RNA expression data from TCGA (tumor) and GTEx
(normal pancreas). CD155, CD112, and CD113 were sig-
nificantly upregulated in PDAC tumors compared to nor-
mal pancreatic tissue (Supplementary Fig. 6A). CD111
also showed an increase, although not statistically signifi-
cant. Additionally, PDAC demonstrated among of the most
pronounced differences in CD112 and CD155 expression
between tumor and normal tissue (Supplementary Fig. 6B).
At protein level, CD112 and CD155 tended to increase with
tumor stage, although this trend did not reach statistical
significance (p =0.066 Fig. 4C). Interestingly, this increase
was not reflected at the transcriptional level (Supplementary
Fig. 6C).

Finally, we observed a positive correlation between
CD112 and CD155 expression, both at the protein and the
transcriptional level (Fig. 4D-E, Supplementary Fig. 6D).
This correlation even became stronger as tumor stage
increased (Supplementary Fig. 6E).
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Fig.2 Expression of receptors of the TIGIT axis on PDAC-infiltrat-
ing versus systemic lymphocytes are skewed toward immunosup-
pression A—C Boxplots (Tukey) comparing the expression of the
immune receptors TIGIT, DNAM-1, and TACTILE on lymphocyte
subsets from peripheral blood (blue) and tumor tissue (purple). Data
are shown as both the percentage of positive cells (left panel) and
the mean fluorescence intensity (MFI) per cell (right panel). Statis-
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tical significance is denoted by * (p<0.05), determined using linear
mixed-effect models. D Bubble heatmap illustrating the differential
expression of receptors on tumor-infiltrating versus peripheral blood
lymphocyte subsets. Bubble size reflects the absolute difference in the
percentage of positive cells. The color gradient represents the fold-
change in MFI when comparing tissue to blood, with red indicating
an increase and blue indicating a decrease in the tumor
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Together, these findings show the prominent role of
CD155 and CD112 in PDAC, both in terms of abundance
within the TME and their correlation with tumor progres-
sion. These data further support the idea that these ligands
jointly contribute to immune evasion in PDAC via the TIGIT
axis and support further investigation into its potential to
serve as a therapeutic target.

TIGIT expression is correlated to PD-1 expression
onT cells in PDAC tumors

Co-expression of inhibitory receptors such as PD-1 and
TIGIT on immune cells is a hallmark of immune exhaus-
tion, often associated with impaired antitumor responses.
In clinical trials, monoclonal antibodies targeting TIGIT
are frequently administered in combination with PD-(L)1
checkpoint inhibitors to enhance immune activation and
reinvigorate exhausted T cells and restore antitumor
immunity. This provides a rationale to examine the co-
expression of the receptor across lymphocyte subsets in
both peripheral blood and PDAC tumor tissue as well as
the PD-L1 expression in the TME (Fig. 5 and Supplemen-
tary Fig. 7).

In peripheral blood, the majority of T cells predomi-
nantly exist in a PD-1"TIGIT-state (Fig. 5A), with TIGIT
expression largely restricted to regulatory T cells (Tregs).
However, within the TME, there is significant upregula-
tion of PD-1 across all T cell subsets, leading to a marked
increase in both PD-1*TIGIT* and PD-1*TIGIT" intratu-
moral T cell populations (Fig. 5B). Notably, PD-1 and
TIGIT expression was strongly correlated in both circu-
lating and intratumoral T cells (Supplementary Fig. 7B),
suggesting a potential benefit for co-targeting these path-
ways to reverse immune suppression. Within the tumor,
this correlation was consistently observed across all CD4*
subsets, including non-Tregs, conventional Tregs, and
immunosuppressive HLA-DR* Tregs. However, this co-
expression pattern was absent in CD8* T cells within the
PDAC tumor.

For NK cells, a similar trend was observed, where sys-
temic NK cells, including both CD56%™ and CD56"¢" NK
cells, rarely express TIGIT or PD-1 (Fig. 5C). In contrast,
intratumoral NK cells displayed a significant increase in
PD-1*TIGIT* and PD-1"TIGIT~ populations (Fig. 5C, D).
However, unlike on T cells, PD-1 and TIGIT expressions
on NK cells were not strongly correlated, neither in the
tumor nor in peripheral blood (Supplementary Fig. 7C).

Although the widespread PD-1 expression is high
across all intratumoral lymphocytes, PD-L1 expression
in PDAC tumors remains strikingly low, both on cancer
cells and immune cells (Fig. 5E). Additional comple-
mentary analysis of TCGA data indicated an increase in
PD-L1 expression, compared to normal pancreatic tissue,

although not significant (Supplementary Fig. 7D). This
increase is not correlated with either CD112 or CD155
(Supplementary Fig. 7E). This raises critical questions
about the true efficacy of PD-1 blockade in PDAC, given
that PD-1 inhibitors rely on PD-L1 engagement to disrupt
immune suppression.

Discussion

PDAC is one of the most aggressive and therapy-resistant
cancers, characterized by its dense stromal architecture and
complex immune microenvironment. A key challenge in
treating PDAC is the tumor’s ability to evade immune sur-
veillance, particularly through the suppression of cytotoxic
immune responses [27]. ICI targeting the PD-1/PD-L1 and
CTLA-4 axes has revolutionized cancer treatment in other
malignancies, yet their efficacy in PDAC has been limited
[28]. Recent studies have shifted focus to the TIGIT axis,
a critical immune checkpoint involved in the regulation
of immune responses [29]. TIGIT, along with its ligands
CD155 and CD112, plays a crucial role in immune suppres-
sion within the TME. This has also been confirmed in PDAC
in a murine model [15, 16]. Understanding how TIGIT con-
tributes to immune evasion in PDAC is essential for devel-
oping more effective immunotherapies for this deadly can-
cer. Therefore, in this study we performed a comprehensive
protein-level characterization of key immune checkpoint
receptors and ligands in PDAC patients’ peripheral blood
and matched tissue samples, with a focus on the TIGIT and
PD-1/PD-L1 axis, which can inform future immunothera-
peutic strategies.

The clinicopathological characteristics of our PDAC
patient cohort offer valuable insights into the study popu-
lation. Our cohort included 36 PDAC patients undergoing
surgical resection, with a male predominance (70%) with a
median age of 65 years, aligning with prior reports of higher
PDAC incidence in males [30, 31]. High rates of lymph
node metastases (75%) and perineural invasion (78%) con-
firm the aggressive nature of PDAC, reinforcing their role
as prognostic markers of poor survival outcomes [32, 33].
While our sample size was limited, the inclusion of TCGA
data helped to complement key expression patterns across a
broader cohort, strengthening the reliability of our findings.
A key limitation to both our study and TCGA data is the
underrepresentation of late-stage tumors, which are ineligi-
ble for surgical resection. It would be interesting for future
studies to focus on larger cohorts with more advanced-stage
tumors and comprehensive follow-up.

Consistent with previous reports, our study demon-
strates that the immune landscape of PDAC is profoundly
immunosuppressive, with a deficiency of cytotoxic immune
cells and an overrepresentation of immunosuppressive
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populations. For the T cell compartment, the overall pro-
portion of CD8* T cells was significantly reduced in tumor
tissue, which aligns with prior studies showing CD8* T
cell depletion in the PDAC TME compared to circulation
or normal pancreatic tissue [34, 35]. On the other hand,
our analysis revealed a substantial intratumoral increase of
Tregs, a finding that is well-supported by existing litera-
ture [36]. The abundance of Tregs in PDAC tumors could
be linked to disease progression and poor patient survival
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[36]. Additionally, the CD8*/Treg ratio has been corre-
lated with response in melanoma patients treated with anti-
PD-L1 therapy [37]. However, this relationship remains
controversial, as one study reported no significant differ-
ence in the CD8%/Treg ratio between responders and non-
responders treated with anti-PD-1 therapy in gastric cancer,
advanced melanoma or non-small cell lung cancer [38].
To our knowledge, we are the first to report an increase
in HLA-DR™ Tregs within the PDAC TME compared to
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«Fig.3 Co-expression of DNAM-1, TACTILE, and TIGIT is corre-
lated with NK cell infiltration in PDAC tumors. A Pie charts illustrat-
ing the proportion of T cell subsets expressing DNAM-1, TACTILE,
and/or TIGIT. For each subset, pie charts represent cells from periph-
eral blood (upper row) and tissue (lower row). Pie segments and arcs
are color-coded to indicate the expression categories: DNAM-1*
(dark blue arcs), TACTILE" (dark green arcs), TIGIT* (light green
arcs), and combinations thereof as defined in the legend below. B
Heatmap depicting the absolute difference per T cell subset express-
ing DNAM-1, TACTILE, and/or TIGIT. The color bar represents the
absolute difference in percentage, with decrease (blue) and increase
(red) in the tumor. Statistical significance was determined using a lin-
ear mixed-effects model. Benjamini-Hochberg correction was applied
to adjust p-values. Adjusted p-values <0.05 were considered signifi-
cant and depicted in bold with an *. C Pie charts illustrate the pro-
portion of NK cell subsets expressing DNAM-1, TACTILE, and/or
TIGIT. The same color legend was used as in A. D Heatmap depict-
ing the absolute difference per NK cell subset expressing DNAM-1,
TACTILE, and/or TIGIT. The color bar represents the absolute dif-
ference in percentage, with decrease (blue) and increase (red) in the
tumor. Statistical significance was determined using a linear mixed-
effects model. Benjamini—-Hochberg correction was applied to adjust
p-values. Adjusted p-values <0.05 were considered significant and
depicted in bold with an *. E Correlation analysis depicting associa-
tion between the expression of DNAM-1 and NK cell infiltration in
PDAC tissue samples. The left panel shows the correlation between
the proportion of DNAM-1" NK cells expressed by the frequency
of CD45" cells (FOCD45). The right panel shows the correlation
between geometric mean of DNAM-1 on NK cells. Data points repre-
sent individual samples, with the red line indicating the best-fit linear
regression and the shaded area representing the confidence interval.
Spearman correlation coefficients (R) and p-values are depicted. F
Correlation analysis depicting association between the gene expres-
sion of DNAM-1 and CD155 (left panel) or CD112 (right panel)
obtained from TCGA data from PDAC patients. Data points repre-
sent individual samples, with the red line indicating the best-fit linear
regression and the shaded area representing the confidence interval.
Spearman correlation coefficients (R) and p-values are depicted

peripheral blood. HLA-DR, a marker of Treg activation,
suggests that HLA-DR* Tregs possess enhanced immuno-
suppressive properties compared to their HLA-DR™ coun-
terparts, evidenced by increased FoxP3 expression and
functional stability [39, 40]. These findings provide novel
insights into the role of activated Tregs in PDAC and their
potential contribution to immune suppression within the
TME.

In addition to adaptive immune alterations, our data
strengthen the notion that innate immune surveillance is
compromised in PDAC as tumor-infiltrating NK cells were
scarce within the PDAC TME. These low numbers are in
line with recent studies on NK cell presence in PDAC [41,
42]. Specifically, the cytotoxic CD56%™ NK cell subset was
significantly diminished in tumor tissue compared to periph-
eral blood, whereas the immunoregulatory CD56" € NK
cells were more prevalent. This shift in NK cell composi-
tion illustrates the functional impairment of innate immune
responses within the TME and emphasize the need for

therapies aimed at restoring NK cell cytotoxicity to enhance
immune-mediated tumor control in PDAC.

Within this context, we examined expression patterns
of the TIGIT axis receptors on NK cells and observed a
significant inverse correlation between DNAM-1 expres-
sion and NK cell presence within the PDAC TME. While
these associations do not establish causality, they suggest a
relationship between DNAM-1 expression status and NK
cell distribution within PDAC tumors. One possible expla-
nation is that reduced DNAM-1 expression may contribute
to impaired NK cell infiltration, as previous research found
that DNAM-1-deficient NK cells exhibit minimal motility
capacities [43] and its pivotal role in monocyte migration
[44]. However, this hypothesis requires further functional
validation.

DNAM-1 plays a central role in NK-cell activation and
is crucial for degranulation and killing activity against can-
cer cells expressing its ligands CD112 or CD155 [45, 46].
Notably, DNAM-1 expression is dynamically regulated by
ligand engagement. Chronic exposure to its ligands CD112
and CD155 has been shown to drive DNAM-1 downregu-
lation [47]. Recent mechanistic studies have demonstrated
that this loss is regulated through post-translational mecha-
nisms upon increasing ligand density on target cells [48].
These findings underscore the importance of assessing the
receptor on the protein level and highlight a potential avenue
for therapeutic strategies aimed at restoring or maintaining
DNAM-1 expression.

In addition to its downregulation on NK cells, DNAM-1
is also downregulated on cytotoxic CD8* T cells, further
underlining the immunosuppressive nature of the PDAC
TME. Interestingly, a contrasting pattern emerges with
Tregs, which uniquely upregulate DNAM-1 in the PDAC
TME. This observation stands in contrast with previous
reports in melanoma, where intratumoral Tregs exhibited
reduced DNAM-1 expression [49]. While DNAM-1 signal-
ing is known to enhance the activation of cytotoxic immune
cells, its role on Tregs remains controversial. In vitro studies
have linked DNAM-1 loss in Tregs to both enhanced and
loss of immunosuppressive activity [50, 51]. This exposes
the complexity of its function in this subset. Further mech-
anistic studies will be essential to validate how DNAM-1
expression influences Treg behavior and its contribution to
shaping the immune TME in PDAC.

In contrast to DNAM-1, our data show TIGIT overexpres-
sion across multiple immune cell subsets, with the highest
expression observed on Tregs. Given the role of TIGIT in
enhancing Treg immunosuppressive function, this upregu-
lation likely reinforces immune evasion in the PDAC TME
[26]. Additionally, TIGIT upregulation was also observed
on cytotoxic CD8*T cells, which is associated with T cell
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Fig.4 High CD155 and CD112 co-expression among nectin fam-
ily ligands suggests immune evasion via the TIGIT axis in PDAC
A Representative histological images of tumor tissue stained with
hematoxylin and eosin (HE) and immunohistochemistry staining for
CD155, CD112, and CD111. B Dot plots quantifying the percentage
of positive tumor cell scores (%) for CD155, CD112, and CD111.
Each dot represents the percentage of positive tumor cells in indi-
vidual samples, with horizontal lines indicating the mean value Sha-
piro—Wilk test was used to assess normality, and Friedman test was
used to determine statistical significance between groups, p <0.05
was considered significant. C Bar plot showing the mean positive

dysfunction and reduced cytotoxic capacity toward can-
cer cells [52]. Our findings align with previous research
in PDAC, where TIGIT expression was elevated on intra-
tumoral CD8* T cells and was correlated with features of
exhaustion, including reduced cytokine production and
impaired tumor-reactive functionality [15, 53]. This observa-
tion is further supported by prior work showing that TIGIT-
CD155 signaling contributes to dysfunctional antitumor
T-cell activity in PDAC models, reinforcing the relevance
of this axis in shaping intratumoral T-cell exhaustion [16].
To further elucidate the role of the TIGIT axis in PDAC,
we focused on its ligands, CD155, CD112, and CD111,
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tumor cell scores (%) for CD155, CD112, and CD111 across differ-
ent tumor stages. Each dot represents an individual sample. D Cor-
relation plot illustrating the correlation between CD112 and CD155
ligand expression determined by immune histochemistry. Each data
point represents an individual sample, with the red line indicating the
best-fit linear regression and the shaded area representing the confi-
dence interval. Spearman correlation coefficients (R) and p-values are
depicted. E Heatmap bubble plot displaying the correlation between
ligand expression levels. The color intensity represents the Spearman
correlation coefficient, while bubble size indicates the statistical sig-
nificance, as shown in the color legend

known to interact with TIGIT to facilitate immune evasion.
IHC analysis revealed varying expression patterns for these
ligands within the PDAC TME. Among them, CD155 and
CD112 exhibited the highest expression on tumor cells, con-
sistent with previous studies linking high CD155 and CD112
expression to poor survival prognosis in PDAC [54, 55].
Notably, we also observed stromal CD112 staining in fibro-
blast for 25% of PDAC patients, which was also confirmed
on transcriptional level, demonstrating the predominant
expression in myCAFs. To our knowledge, this is the first
report of stromal CD112 expression in PDAC, which may
indicate that CD112 may contribute to fibroblast-mediated



Cancer Immunology, Immunotherapy (2026) 75:99

Page130f17 99

immune suppression within the TME. In colorectal cancer,
CD112" cancer-associated fibroblasts (CAFs) were identi-
fied as a novel subtype. These experiments point out the
functional impact of CD112* CAFs on T cell functionality
by reducing their proliferation and increasing exhaustion
[56].

The mechanistic convergence of TIGIT and PD-1 has
been demonstrated in preclinical models, where dual block-
ade of PD-1 and TIGIT restored DNAM-1 signaling, lead-
ing to enhanced cytotoxic T cell activity and anti-tumor
activity [20]. Additionally, one study showed that target-
ing TIGIT in combination with PD-1 blockade and CD40
agonist restored antitumor T cell response in a murine
PDAC model [16]. This suggests that blocking either PD-1
or TIGIT alone is insufficient to fully restore anti-tumor
immunity, as both pathways act in an independent manner
to suppress DNAM-1-mediated activation of cytotoxic T
cells. In this context, our data describe expression patterns
relevant to this axis in human samples. We observed a strong
correlation between TIGIT and PD-1 expression on CD3* T
cells in both peripheral blood and tumor tissue. While PD-1
expression was low across all circulating lymphocyte sub-
sets, tumor-infiltrating lymphocytes exhibited a significant
increase in PD-1 and TIGIT co-expression, consistent with
previous studies linking that PD-1/TIGIT co-expression to
immune exhaustion in PDAC [53]. These findings align with
previous studies showing that TIGIT is the only immune
checkpoint receptor that is consistently overexpressed on
tumor-infiltrating CD8" T cells when compared to adjacent
normal tissue, further reinforcing its critical role in shaping
T cell dysfunction [15].

Despite the widespread PD-1 expression on intratumoral
lymphocytes, PD-L1 expression remained low in PDAC
tumor tissue, consistent with prior reports. Given the low
PD-L1 expression observed in the PDAC tumor, the limited
clinical efficacy of PD-1 blockade alone remains a signifi-
cant challenge. Analysis of TCGA datasets suggested a mod-
est, non-significant increase in PD-L1 expression relative
to normal pancreatic tissue, which did not correlate with
expression of CD112 or CD155. Together, these observa-
tions may help contextualize the limited clinical efficacy of
PD-1/PD-L1 blockade observed in PDAC, although conclu-
sions regarding therapeutic responsiveness cannot be drawn,
as treatment outcomes were not evaluated in this study.

Importantly, studies have proven that PD-L1 expres-
sion alone might not be the ideal predictor of response to
PD-1-targeted therapies. For example, PD-L1 levels did not
differ significantly between responders and non-responders
in malignant pleural mesothelioma [57] and alternative
parameters, including the spatial proximity of CD8% T

cells to tumor cells and the absence of Tregs predicts the
response. Additionally, the ratio of PD-1*CD8* cells/PD-1*
Tregs in the TME was proven to be a superior predictor
of clinical efficacy for PD-1 blockade therapies compared
to other biomarkers such as PD-L1 expression [38]. While
these findings derive from other cancer types, they suggest
that immune cell-intrinsic features might be relevant deter-
minants of response to PD-1-targeted therapies in PDAC
as well.

A limitation of this study is that functional assays assess-
ing immune cell activity were not performed, precluding
direct conclusions regarding immune exhaustion or cyto-
toxic capacity. Furthermore, although complementary tran-
scriptional analyses were included, discrepancies between
mRNA and protein expression highlight the importance
of protein-level analyses and underscore the need for inte-
grated, multi-level approaches in future studies. Although
the limited cohort size restricts the identification of prognos-
tic associations, the detailed protein-level characterization
presented here provides clinically relevant insight into the
inhibitory receptor—ligand landscape that may contribute to
the limited efficacy of checkpoint therapies in PDAC. These
expression patterns, defined directly in human tumors, offer
a foundation for future studies exploring TIGIT-directed or
combination immunotherapeutic strategies.

In summary, this study provides a detailed protein-level
characterization of TIGIT-axis receptors and ligands in
human PDAC, revealing distinct expression patterns across
immune subsets and between peripheral blood and tumor
tissue. Our findings emphasize the complexity of immune
checkpoint regulation in PDAC and highlight the impor-
tance of studying these pathways directly in human tumors.
This work provides a framework for future functional and
longitudinal studies aimed at clarifying how TIGIT-axis
components and related immune features shape antitumor
immunity and influence responses to immunotherapeutic
strategies in PDAC.

Conclusion

In conclusion, our study identifies the TIGIT axis as a piv-
otal component of the PDAC TME. Widespread upregula-
tion of TIGIT and downregulation of DNAM-1 on various
lymphocytes in the TME of PDAC, along with overexpres-
sion of their ligands CD155 and CD112, contribute to the
immunosuppressive landscape. Co-expression of PD-1 and
TIGIT further enhances intratumoral immune exhaustion,
suggesting that targeting both immune checkpoints could
be a promising therapeutic strategy. Despite low PD-L1
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«Fig.5 Co-targeting TIGIT and PD-1 may offer valuable therapeutic
potential in PDAC A Pie charts depicting the proportion of T cell
subsets expressing PD-1 and/or TIGIT in peripheral blood (left col-
umn) and tumor tissue (right column). Arcs are color-coded to indi-
cate expression categories: PD-1" (light green arcs), TIGIT" (dark
green arcs), and co-expression as defined in the legend. B Heatmap
showing the absolute difference in the proportion of T cell subpopula-
tions co-expressing of PD-1 and/or TIGIT between peripheral blood
and tumor tissue. The color scale represents changes in percentage,
with decrease (blue) and increase (red) in the tumor. Statistical sig-
nificance was determined using a linear mixed-effect model with
Benjamini—-Hochberg correction; p-values <0.05 were considered
significant and marked in bold with an *. C Pie charts illustrating
the proportion of NK cell subsets expressing PD-1 and/or TIGIT in
peripheral blood (upper row) and tissue (lower row). Color coding
follows the same scheme as in panel (A). D Heatmap showing the
absolute difference in percentage positive NK cell subpopulations co-
expressing of PD-1 and/or TIGIT. The color scale represents changes
in percentage, with decrease (blue) and increase (red) in the tumor.
Statistical significance was determined using a linear mixed-effect
model with Benjamini-Hochberg correction; p-values<0.05 were
considered significant and marked in bold with an *. E Representa-
tive immunohistochemistry images showing hematoxylin—eosin stain-
ing and PD-L1 staining. Right panel shows violin plots quantifying
PD-L1 expression, represented as the tumor proportion score (per-
centage of PD-L1-positive tumor cells) and the percentage of PD-
L1-positive infiltrating immune cells across all patients

expression in PDAC, combined targeting of PD-1 and TIGIT
may offer improved clinical outcomes. These findings sup-
port clinical investigation of dual checkpoint inhibition as a
treatment strategy for PDAC.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-026-04343-w.
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