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Background: Pancreatic ductal adenocarcinoma (PDAC) remains largely

unresponsive to immunotherapy because of its highly immunosuppressive

tumor microenvironment. Aryl hydrocarbon receptor (AHR), a ligand-

dependent transcription factor, has emerged as a key regulator of immune

homeostasis and inflammation. However, its systemic immunomodulatory role

in PDAC, particularly outside the tumor microenvironment, remains

poorly understood.

Methods: Peripheral blood mononuclear cells (PBMCs) from patients with PDAC

and healthy donors were isolated and treated ex vivo with two AHR agonists

(Carbidopa and Tapinarof) and one antagonist (BAY 2416964). The samples were

stratified into Low and High/Medium AHR expression groups. Flow cytometry

(FC), qPCR, ELISA, Luminex assays, and immunofluorescence imaging were used

to evaluate immune checkpoint expression, cytokine secretion, monocyte

polarization, and subcellular AHR localization. Overall survival analysis was

performed based on the baseline AHR expression levels.

Results: Baseline AHR expression strongly influenced the immunological effects

of AHR modulators. In High/Medium AHR PBMCs, Carbidopa increased PD-L1

and soluble PD-1 (sPD-1) levels, while IL10 expression was suppressed. In

contrast, BAY significantly reduced PD-1 and sPD-1 levels in Low AHR PBMCs,

whereas Tapinarof induced the highest IL10 expression. All modulators reduced

the proportion of M2-like monocytes, indicating a shift toward less

immunosuppressive phenotypes. Nuclear translocation of AHR protein varied

across treatments and expression levels. Kaplan–Meier analysis revealed a non-

significant trend toward improved overall survival in the High/Medium AHR group

(log-rank p = 0.276).
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Conclusion: Baseline AHR expression critically shapes the immune response to

pharmacological modulation in PBMCs from PDAC patients. These findings

suggest that AHR profiling may serve as a clinically relevant biomarker for

stratifying patients and guiding personalized immunotherapy approaches

for PDAC.
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1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is currently the

third leading cause of cancer-related deaths, with a grim five-year

survival rate of only about 10% (1, 2). The incidence of PDAC has

been increasing, paralleling the growing prevalence of risk

factors such as smoking, obesity, and diabetes (3). Although

early detection can significantly improve survival rates, most

patients with PDAC are diagnosed at an advanced stage,

when metastasis has already occurred (4). Consequently, only

10–20% of patients are eligible for potentially curative surgery

(5). Current standard treatments, including chemotherapy,

immunotherapy, and radiotherapy, typically extend survival by

weeks to months, highlighting the urgent need for novel

therapeutic approaches (6).

Although immunotherapy has revolutionized treatment in many

cancer types, its success in PDAC remains limited because of the

tumor’s complex immune microenvironment and potent

immunosuppressive mechanisms (7). PDAC tumors are highly

heterogeneous and consist of malignant epithelial cells, fibroblasts,

immune cells, and other stromal elements within a dense and reactive

tumor microenvironment (TME) (2). This environment disrupts

systemic immune homeostasis through reciprocal interactions

between the immune cells and inflammatory cytokines. A deeper

understanding of these immune evasion mechanisms is essential to

improve immunotherapeutic outcomes (8).

Cytokines play crucial roles in orchestrating antitumor

immunity; however, PDAC tumors frequently escape immune

detection by downregulating antigen presentation pathways (9,

10). Recent therapeutic efforts have focused on targeting immune

checkpoints, particularly the PD-1–PD-L1 axis (11). PD-L1

expression in tumors or immune cells can bind to PD-1 on T

lymphocytes and suppress cytotoxic immune responses (12, 13).

Unlike therapies that directly kill cancer cells, checkpoint inhibitors

activate endogenous lymphocytes to elicit anti-tumor effects (11,

12). However, PDAC is often considered non-immunogenic, and

clinical responses to checkpoint inhibitors remain poor, in part due

to the presence of immunosuppressive populations such as

regulatory T cells (Tregs) and tumor-associated macrophages

(TAMs) (14).
02
TAMs are particularly influential in shaping the TME and are

capable of switching from an M1 (tumoricidal) to an M2 (tumor-

promoting) phenotype, thereby supporting immune evasion,

angiogenesis, and metastasis (15, 16). While PD-1/PD-L1

inhibitors have shown efficacy in cancers such as melanoma and

non-small cell lung cancer, PDAC patients demonstrate only a 10–

30% response rate with rapid development of resistance (17, 18).

Uncovering the mechanisms underlying this resistance is critical for

improving therapeutic efficacy.

The aryl hydrocarbon receptor (AHR) has recently emerged as a

pivotal mediator of inflammation and immune regulation in

cancers including PDAC (19–24). Upon activation, AHR

translocates to the nucleus and induces target genes, such as

CYP1A1 and PTGS2 (COX-2), both of which are linked to tumor

progression and immunosuppressive signaling. Elevated expression

of AHR and its targets in the tumor microenvironment has been

associated with cancer-driven immune evasion (25, 26).

Our previous study identified a marked reduction in AHR

expression in peripheral blood mononuclear cells (PBMCs) from

patients with more progressive PDAC, indicating systemic

dysregulation of the AHR pathway beyond the tumor site (26).

Unlike murine models, which often fail to recapitulate the

immunological complexity of human disease, ex vivo studies using

patient-derived PBMCs offer translationally relevant insights into

immune responses and therapeutic vulnerabilities. Human PBMCs

preserve patient-specific immune signatures, cytokine profiles, and

receptor expression patterns, which are essential for identifying

biomarkers and tailoring immunomodulatory interventions.

We hypothesized that baseline AHR expression in PDAC

patient-derived PBMCs dictates the magnitude and direction of

immune response to AHR-targeted compounds. By stratifying

patients based on their AHR status, we aimed to uncover

personalized immunomodulatory strategies that could potentiate

immune responsiveness in this otherwise immunologically

refractory cancer type.

Motivated by these observations, the present study investigated

how the pharmacological modulation of AHR affects immune

checkpoint molecule expression, cytokine secretion, gene

regulation, and monocyte polarization in PBMCs isolated from

patients with PDAC.
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2 Materials and methods

2.1 Patient population

PBMCs were isolated from the venous blood of patients with

PDAC and healthy controls (cultured healthy PBMCs and healthy

PBMCs co-cultured with BxPC-3 cells; Figure 1). The PDAC patient

group had a median age of 68 years (range: 54-80), consisted of 16

women and 11 men. The control group had a median age of 59 years

(range: 43-69), comprised nine women and five men. A total of 27

PDAC patient samples were used, which were grouped according to

the following modulators: Carbidopa (n=20), Tapinarof (n=19), and

BAY (n=19). Samples could be assigned tomultiple treatment groups,

explaining the overlap in the numbers obtained from patients with

PDAC whose pancreatic cancer was histologically confirmed, either

during surgery or biopsy. For healthy control blood samples were

collected from 14 healthy donors with no history of cancer. Negative
Frontiers in Immunology 03
control (CTRL) wells contained PDAC or healthy PBMCs were

activated with lipopolysaccharides but without modulators or

BxPC-3 cells. Because PBMC yield and viability varied between

donors and assays, and because AHR stratification was performed

post hoc based on baseline AHR mRNA levels, the number of

evaluable samples (n) per treatment condition differed between

AHR groups. When sufficient cell numbers were available, aliquots

from the same donor contributed to multiple treatment conditions,

which explains the partial overlap in n values across experimental

arms. Detailed sample numbers per assay and condition are

summarized in Supplementary Table ST1.
• Clinically, radiologically and cytologically/histologically

diagnosed with pancreatic cancer.

• Surgical treatment of cancer was planned.

• The patient was treated at The Hospital of Lithuanian

University of Health Sciences (LUHS) Kaunas Clinic.
FIGURE 1

Schematic overview of the study design, including PBMC isolation from PDAC patients and controls: healthy PBMCs cultivation and indirect co-
cultivation with BxPC-3 cells, PDAC PBMCs treatment with AHR modulators, and subsequent immunological analyses of all groups. The main criteria
for this study group of cancer patients were as follows.
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• The age range was 20–90 years.

• The main criteria for the control group were as follows:

• No cancer was diagnosed clinically, radiologically or

cytologically/histologically.

• Not currently suffering from a viral or bacterial infection

shows no signs of an inflammatory disease (no fever, pain,

fatigue, or weakness).

• The volunteer declared no use of any medications,

including anti-inflammatory agents, analgesics, or

antibiotics, within three days prior to the blood test.

• The age range was 20–90 years.
All samples were collected with informed consent from the

patients, and the study protocol was approved by the Kaunas

Regional Biomedical Research Ethics Committee (approval nr.

BE-2-62).
2.2 PBMC isolation and cultivation

Peripheral blood collected in vacutainers containing EDTA K2

(BD Biosciences, Cat# 367525; Franklin Lakes, NJ, USA) was

immediately centrifuged at 2500 g for 10 min at 20 °C for plasma

separation. PBMCs were isolated using Ficoll-Paque PREMIUM

gradient centrifugation (Cytiva, Cat# GE17-5442-03, Marlborough,

MA, USA) according to the manufacturer’s protocol. PBMCs from

patients and healthy individuals were subjected to repeated

centrifugation and dilution. PBMC concentration was adjusted to

1 × 106 cells/mL in RPMI 1640 medium (Gibco Life Technologies,

Cat# 61870-044, Grand Island, NY, USA) supplemented with 10%

fetal bovine serum (FBS; Thermo Scientific, Cat# 10500064,

Waltham, MA, USA) and 1% penicillin/streptomycin (Gibco Life

Technologies, Cat# 15140-122). The cell concentrations were

determined using the trypan blue exclusion method (Carlsbad,

Cat# 15250-061, CA, USA). PDAC PBMCs were seeded in 6-well

plates (Corning, Cat# 3516; NY, USA) containing 1900 μL of

complete RPMI medium at a density of 2 × 106 cells/well. Three

wells were seeded for each modulator and negative control. PBMC

were activated with lipopolysaccharide (LPS; Sigma-Aldrich, Cat#

L2630-25MG, St. Louis, MO, USA) at a final concentration of

0.5 μg/mL and incubated at 37 °C for 30 min. The same LPS

concentration and incubation time were applied to all donor

samples to ensure experimental consistency across treatment

groups. The following modulators were used: Carbidopa (Sigma-

Aldrich, Cat# 1095506, 410 μM), BAY 2416964 (Sigma-Aldrich,

Cat# HY-135829, 400 nM), and Tapinarof (Thermo Scientific, Cat#

HY-109044; Waltham, MA, USA, 80 μM). After stimulation, 100 μL

of each modulator or vehicle control was added and the cells were

incubated for 24 h at 37 °C. The cells were collected using a cell

scraper (Corning, Cat# 3010) and centrifuged at 200×g for 10 min

at 20 °C. The concentration was determined using trypan blue

exclusion assay. A small portion of the pellets was analyzed

immediately, while the remaining pellets and supernatants were

stored at −80 °C. Healthy PBMCs were prepared 24 h after indirect
tiers in Immunology 04
co-cultivation with BxPC-3 cells (ATCC, Cat# CRL-1687, RRID:

CVCL_0186, Manassas, VA, USA) obtained from the European

Pancreas Center (Heidelberg, Germany). BxPC-3 cells were grown

in RPMI medium in 25 cm² tissue culture flasks (Corning, Cat#

430639). Once confluent, the cell counts were determined using

trypan blue. PBMCs were seeded at 2 × 106 cells/well in 6-well

plates, and 30 mmMillicell® tissue culture inserts (Merck Millipore,

Cat# PICM03050, Burlington, MA, USA) with 0.4 μm membranes

were added. BxPC-3 cells were seeded onto the membrane at a

density of 2 × 1010 cells/insert. After 24 h, the PBMCs were

collected, centrifuged at 200×g, and stored as described above.
2.3 RNA extraction and real-time
polymerase chain reaction

Total RNA was extracted from PBMCs using an RNA

Extraction Kit (Abbexa, Cat# abx098089, Cambridge, UK)

according to the manufacturer’s protocol. RNA purity and

quantity were assessed using NanoDrop 2000 spectrophotometer

(Thermo Fisher Scientific, Cat# B249; Waltham, MA, USA; RRID:

SCR_018042). Complementary DNA was synthesized from 2 μg

total RNA using a High-Capacity cDNA Reverse Transcription Kit

(Applied Biosystems, Cat# 4368814, Waltham, MA, USA). The

qPCR reactions (20 μL) included the synthesized cDNA, PCR

master mix, and TaqMan Gene Expression Assays (Applied

Biosystems) for AHR (Hs00169233_m1), IL1B (Hs00155410_m1),

IL4 (Hs00174122_m1) , IL6 (Hs00174131_m1) , IL10

(Hs00961619_m1), CD279 (Hs05043241), CD274 (PD-L1,

H s00 20 42 57 ) , PTGS2 (Hs 00 153 13 3_m1 ) , CYP1A1

(Hs01054796_g1), and GAPDH (Hs02786624). RT-PCR analysis

was performed using ABI 7500 fast Real-Time PCR system

(Applied Biosystem, Waltham, MA, USA).
2.4 Stratification of AHR expression groups

Patients were stratified into Low and High/Medium AHR

expression groups based on baseline AHR mRNA levels. A fold-

change cutoff of 0.5 relative to untreated PDAC PBMCs was used to

define Low expression. This threshold corresponds closely to the

33rd percentile used in our previous publication (27), ensuring

methodological consistency and reflecting biologically relevant

divergence in immune phenotypes.
2.5 Flow cytometry (lymphocyte subsets,
monocyte/macrophage subsets)

Flow cytometric immunophenotyping was performed using a BD

Multitest™ 6-color T, B, NK cell panel (TBNK) Kit (BD, Cat# 337181,

Franklin Lakes, NJ, USA) to determine the following lymphocyte

subsets: CD19+ (B lymphocytes), CD3+ (T lymphocytes), CD3+CD4+

(T helpers), CD3+CD8 + (T cytotoxic lymphocytes), and
frontiersin.org
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CD3−CD16+CD56+ (natural killer (NK) cells). Aliquots of 1 × 106

PBMCs were incubated for 30 min at room temperature with a

combination of fluorochrome-conjugated monoclonal antibodies

(mAbs) targeting CD3 (FITC, Leu-4), CD4 (PE-Cy7, Leu-3a), CD8

(APC-Cy7, Leu-2a), CD16 (PE, Leu-1 lc), CD19 (APC, Leu-12), CD56

(PE, Leu-19), and CD45 (PerCP-Cy5.5, 2D1) (BD Biosciences, USA).

After incubation, cells were washed and analyzed using a

FACSLyric™ 10-color flow cytometer (BD Biosciences, San Jose,

CA, USA). Up to 30,000 events were recorded per sample.

Lymphocyte populations were gated based on side scatter (SSC) and

CD45 expression. The percentage of antigen-positive cells within the

lymphocyte gate was calculated.

Phenotypic analysis of monocyte/macrophage subsets was

performed using mAbs against CD3 (PE, UCHT1, BD, Cat#

555333, RRID: AB_395740), CD14 (BV510, MfP9, Cat# 563079,

RRID: AB_2737993), CD16 (APC, B73.1, Cat# 561304, RRID:

AB_10714780), CD80 (APC-H7, L307.4, Cat# 561134, RRID:

AB_10565974), CD86 (PE-Cy7, 2331 (FUN-1), Cat# 561128,

RRID: AB_10563077), CD163 (BV605, GHI/61, Cat# 745091,

RRID: AB_2742705), CD206 (FITC, 19.2, Cat# 551135, RRID:

AB_394065), HLA-DR (PerCP, L243, Cat# 347402, RRID:

AB_2868847), CD19 (PE, HIB19, Cat# 555413, RRID: AB_395813),

CD56 (PE, Cat# 555516, RRID: AB_395906), and CD66b (PE,

G10F5, Cat# 561650, RRID: AB_10894591) (all from BD

Biosciences, San Jose, CA, USA).

The following mAbs were used to assess intracellular cytokine

production: anti-IL-1b (Pacific Blue, H1b-98, BioLegend, Cat#

511710, RRID: AB_2124350), anti-IL4 (MP4-25D2, BD, Cat#

564110, RRID: AB_2738599), anti-IL6 (MQ2-13A5, Cat# 563279,

RRID: AB_2738113), and anti-IL10 (BV421, JES3-19F1, Cat#

567012, RRID: AB_2870004). Intracytoplasmic assessment of

cytokines was done using the BD Cytofix/Cytoperm™ Plus

Fixation/Permeabilization Kit (BD, Cat# 554715), and BD

GolgiStop™ protein transport inhibitor (containing monensin),

by adding 1 μL to 1 × 106 PBMCs after 4 h of treatment. Surface

and intracellular staining was performed according to the

manufacturer’s protocol. The PMT voltages and compensation

settings were adjusted using a BD CompBeads Anti-Mouse Ig k/
Negative Control Compensation Particle Set (BD Biosciences, Cat#

552843, San Jose, CA, USA; RRID: SCR_008926). For analysis of

monocyte/macrophage subsets and cytokine production, up to

30,000 events were collected per sample.

Monocytes were initially identified as CD14+HLA-DR+ events

after exclusion of debris (FSC/SSC), doublets (FSC-A/FSC-H), and

non-monocytic populations (CD3+, CD19+, CD56+, CD66b+).

Subsequent gating on CD14 vs. CD16 distinguished the

following subsets:
Fron
• Classical monocytes: CD14++CD16−

• Intermediate (M2-type) monocytes: CD14++CD16+;

CD206^high; CD163+; IL-6+; IL-4+; IL-10+

• Non-classical (M1-type) monocytes: CD14+CD16++;

CD206^low; CD80+; CD86+; IL-12+; TNF+; IL-1+

• Other monocytes: CD14+CD16− (undefined phenotype)
tiers in Immunology 05
The M0macrophage subset was defined as CD14+HLA-DR+, M1

as CD80+CD86+, and M2 as CD163+CD206+. Monocyte polarization

states were assessed using multiparameter (10-color) flow cytometry

as the percentage of cells within their respective gates. Representative

gating examples and quality control plots are shown in

Supplementary Figure SF4. Cytokine expression was assessed as the

mean fluorescence intensity (MFI), which was further converted into

percentages for comparison across conditions.
2.6 Luminex (concentrations of media
cytokines) and ELISA (concentrations of
PD-1, PD-L1, PGE2, and IL6)

The concentrations of cytokines IL-1b, IL4, and IL10 were

quantified in the culture media collected after 24 h of healthy and

PDAC PBMCs incubation using magnetic bead–based multiplex

assays (Human Cytokine Premixed Multi-Analyte Kit, R&D

Systems, Minneapolis, MN, USA) and analyzed using a Luminex

100 analyzer (Luminex Corporation, Cat# L100-XPONENT,

Austin, TX, USA; RRID: SCR_018025). Cell culture supernatants

were centrifuged at 16,000×g for 4 min at 4 °C to remove debris or

precipitate and then processed according to the manufacturer’s

protocol. Briefly, analyte-specific antibodies were pre-coated onto

magnetic microparticles, each containing a unique fluorophore

signature. Standards and samples were incubated with the beads,

followed by biotinylated detection antibodies and streptavidin–

phycoerythrin (SAPE). The unbound components were removed

from the final washes and the beads were analyzed via dual-laser

detection. The identity of each analyte was determined using the

bead region and the corresponding signal intensity (MFI) was used

to interpolate the cytokine concentrations from the standard curves.

For ELISA, the culture media collected after 24 h of PBMC

incubation was used to determine the concentrations of PD-1

(Abcam, Cat# ab252360, Cambridge, UK), PD-L1 (Abcam, Cat#

ab277712, Cambridge, UK), PGE2 (Elabscience, Cat# E-EL-0034,

Houston, TX, USA), and IL6 (Invitrogen, Cat# KHC0061, Carlsbad,

CA, USA). The supernatants were thawed and clarified by

centrifugation before analysis. Assays were performed according

to the manufacturer’s instructions. All measurements were

performed in technical triplicates to ensure reproducibility and

accuracy. The ELISA was conducted using a Tecan Sunrise

microplate reader (Tecan Group Ltd., Männedorf, Switzerland).

Standard curves were generated and protein concentrations were

calculated by interpolating the sample optical density (OD) values

from the calibration curves.
2.7 Immunofluorescence and quantitative
image analysis of AHR localization

After 24 h of PDAC PBMC modulation, cells were gently

collected using a cell scraper (ROTH, Cat# EKX9.1, Karlsruhe,

Germany) and centrifuged at 200×g for 10 min at 20 °C. The cell
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concentrations were determined using the trypan blue exclusion

method (Sigma-Aldrich, Cat# 15250-061, CA, USA). A total of 2 ×

1010 cells per well were seeded into 24-well tissue culture plates

(TPP, Cat# 92424; Trasadingen, Switzerland) and centrifuged at

120×g for 10 min at 20 °C. The supernatant was removed and cells

were fixed with 100% methanol (Sigma-Aldrich, Cat# 1ET5.2, St.

Louis, MO, USA) for 30 s, followed by three washes with PBS

(Thermo Fisher Scientific, Cat# 10010023, Waltham, MA, USA).

Permeabilization was performed using 0.1% Triton X-100 (Sigma-

Aldrich, Cat# X100-100ML) in PBS for 10 minutes and then

blocked with 3% bovine serum albumin (BSA; Cat# A-9647-

100G; Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 h at

room temperature. The cells were incubated with monoclonal

mouse anti-AHR primary antibody (Thermo Scientific, Cat#

MA1-514, Waltham, MA, USA) diluted 1:2000, followed by Alexa

Fluor® 488-conjugated goat anti-mouse IgG (H+L) secondary

antibody (Invitrogen, Cat# A11001, Carlsbad, CA, USA) diluted

1:1000. All antibody incubations were followed by washing with

PBS to remove the unbound reagents. For nuclear staining, the cells

were incubated with Hoechst 33342 (for DAPI) (Thermo Scientific,

Cat# H3570, Waltham, MA, USA) at 1 μg/mL in PBS for 10 min,

followed by three additional PBS washes. Fluorescence imaging

was performed in PBS by using an IX71 inverted fluorescence

microscope (Olympus Corporation, Tokyo, Japan). The experiment

was performed in triplicate, and a representative replicate is

presented. To quantify AHR subcellular localization, custom

Python-based scripts were used to segment the cell and nuclear

regions based on phase-contrast and 4′ ,6-diamidino-2-

phenylindole (DAPI) images, respectively. Cell boundaries were

identified using Sobel filtering and adaptive Otsu thresholding

of phase-contrast images, whereas nuclear segmentation

was refined using watershed transformation of Hoechst-stained

nuclei. The cytoplasmic compartment was determined by

subtracting the nuclear mask from total cell mask. The AHR

fluorescence intensity was calculated separately in the nuclear and

cytoplasmic regions, and nuclear-to-cytoplasmic (N/C) ratios were

determined per image. Representative images include the overlaid

quantification results.
2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism

(version 9.01; GraphPad Software Inc., San Diego, CA, USA;

RRID: SCR_002798) and Python (version 3.11) with lifelines and

matplotlib libraries. Data are presented as medians and are

visualized using box plots, with the minimum and maximum

values indicated. Group comparisons were performed using the

nonparametric two-tailed Mann–Whitney U test. Statistical

significance was set at p < 0.05.

Associations between clinical and immunological parameters

were assessed using the Mann–Whitney U test for continuous or

ordinal variables, and chi-square or Fisher’s exact test for

categorical data. Nonparametric tests were chosen because they
Frontiers in Immunology 06
are robust to unequal group sizes and do not assume normal data

distribution. All statistical comparisons were performed at the

group level, and the results were consistent across independent

analyses performed for each experimental assay (qPCR, ELISA/

Luminex, and flow cytometry; (see Supplementary Table ST1 for

sample distribution).

Fluorescence microscopy images were analyzed using the ImageJ

software (version 1.53; National Institutes of Health, Bethesda, MD,

USA; RRID: SCR_003070). Quantification performed in Python;

ImageJ used for visualization/standardization. Representative

images were selected based on clarity and reproducibility.

Overall survival analysis was conducted in patients with PDAC

stratified by baseline AHR expression. Kaplan–Meier survival

curves were generated, and differences between the Low and

High/Medium AHR groups were assessed using the log-rank

(Mantel–Cox) test. Survival time was defined as the number of

days from blood sampling (typically on or near the day of surgery)

to death or last follow-up (June 23, 2025). Statistical significance

was set at p < 0.05.
3 Results

3.1 Modulation of AHR signaling alters
target gene expression and inflammatory
markers in PDAC-derived PBMCs

To evaluate the impact of AHR pathway modulation in PBMCs

from PDAC patients, gene expression and inflammatory mediators

were assessed across High/Medium and Low AHR expression

groups. Treatment with the AHR agonist Carbidopa significantly

decreased AHR transcription in the High/Medium AHR group

(Figure 2A), suggesting receptor repression, whereas the antagonist

BAY preserved or slightly increased AHR expression in the Low

AHR group in contrast to the reduced baseline. The downstream

target gene CYP1A1 was strongly induced by Carbidopa and

Tapinarof in both AHR groups, especially at High/Medium AHR,

and was suppressed by BAY, indicating effective pathway activation

or inhibition (Figure 2B). These CYP1A1 changes were used as a

pharmacodynamic marker of AHR activation in PBMCs, consistent

with previous reports identifying CYP1A1 as a canonical AHR

target gene. Compared to healthy PBMCs, PTGS2 expression was

markedly elevated in all PDAC groups (Figure 2C). Although none

of the treatments fully normalized the PTGS2 expression,

Carbidopa shifted values slightly closer to the healthy range in

both AHR groups. PGE2 levels (Figure 2D) remained statistically

unchanged across all conditions but showed a modest increase

following Carbidopa treatment in the High/Medium AHR group

and a decreasing trend after BAY treatment in the Low AHR group,

moving marginally toward levels found in cultured healthy PBMCs.

These results highlight a differential sensitivity to AHR modulators

depending on basal receptor expression and suggest partial

normalization of inflammatory signatures, particularly in Low

AHR PBMCs treated with BAY.
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3.2 AHR modulation influences PD-1/PD-L1
pathway

In the Low AHR group, both Carbidopa and BAY significantly

reduced CD279 (PD-1) expression (Figure 3A). In the High/

Medium AHR group, Carbidopa treatment only showed a

decreasing trend, without reaching statistical significance. No

significant changes were observed following Tapinarof or BAY

treatment; however, CD279 expression approached the levels

observed in healthy PBMCs in Carbidopa treatment conditions,

although the response varied depending on baseline AHR

expression. Conversely, CD274 (PD-L1) was significantly

upregulated by Carbidopa in the High/Medium AHR group,

diverging from the healthy baseline (Figure 3B). Regarding

soluble proteins, Carbidopa treatment increased soluble PD-1

(sPD-1) levels in both AHR expression groups compared with

those in untreated PDAC PBMCs (Figure 3C), shifting the values

closer to those in healthy PBMCs. Although no statistically

significant changes were observed in soluble PD-L1 (sPD-L1)
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levels, a downward trend was noted with Carbidopa treatment in

the High/Medium AHR group (Figure 3D), which was consistent

with the values observed in healthy donor PBMCs. These findings

suggest that AHR inhibition via BAY exerts a consistent suppressive

effect on PD-1 signaling elements, particularly at the protein level,

whereas AHR activation leads to variable transcriptomic effects

depending on the baseline AHR expression.
3.3 AHR modulation reshapes lymphocyte
subset composition in PDAC-derived
PBMCs

To investigate the immunomodulatory effects of AHR signaling,

lymphocyte subsets were analyzed in PBMCs from patients with

PDAC stratified by baseline AHR expression. In the High/Medium

AHR group, BAY treatment significantly increased the proportion

of T helper cells compared with that in healthy PBMCs, whereas no

significant changes were observed in the Low AHR group
FIGURE 2

Effects of AHR modulators on gene (qPCR) and protein (ELISA) markers in PDAC-derived PBMCs. AHR gene expression (A), CYP1A1 (B), PTGS2
(C), and PGE2 levels (D) were analyzed after treatment with Carbidopa, Tapinarof, or BAY. CTRL refers to untreated PDAC PBMCs stimulated with
LPS but without AHR modulators or tumor co-culture. Healthy indicates LPS-stimulated PBMCs from non-cancer donors, and co-cultured refers
to healthy PBMCs indirectly co-cultured with BxPC-3 cells. Data shown as medians with full range. Each dot represents one PDAC patient; data
from the same individual are shown in the same color across all treatment conditions. Sample numbers (n) varied between assays and AHR
expression groups due to differences in PBMC yield and viability (typically n = 5–13 for PDAC High/Medium AHR, n = 5–14 for PDAC Low AHR,
and n = 7–14 for healthy donors; see Supplementary Table ST1 for details). *p < 0.05 vs. healthy; **p < 0.05 vs. co-cultured. ns – not significant.
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(Figure 4A). Cytotoxic T cells had no changes across all treatments

in both AHR groups, but their levels were significantly lower

compared to healthy PBMCs, especially in the Low AHR group

(Figure 4B). The percentage of B cells significantly increased

following BAY treatment in both AHR groups compared to

healthy PBMCs. This increase was part of a broader trend

observed in PDAC samples. NK cell frequencies remained

unchanged in both groups across all conditions (Figure 4D).
3.4 AHR modulation differentially affects
monocyte polarization in PDAC PBMCs

Analysis of monocyte subpopulations revealed that M0

monocytes remained unchanged across all treatment conditions
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in both AHR expression groups (Figure 5A), with values consistent

with those of healthy PBMC and co-cultured baselines, except for

Carbidopa, which showed an increasing trend in both patient

groups. M1 monocyte levels (Figure 5B) were stable in the High/

Medium AHR group but significantly decreased after Tapinarof in

the Low AHR group, with post-treatment values falling below the

healthy reference, indicating a potential suppressive effect on

proinflammatory monocytic subsets under Low AHR expression.

The most robust and consistent effects were observed in the M2

monocyte subset (Figure 5C): all treatments - Carbidopa, Tapinarof,

and BAY - led to a statistically significant reduction in M2 cells in

both AHR groups. This decrease was especially pronounced

compared to both healthy and co-cultured PBMC references,

indicating a strong downregulation of this regulatory/anti-

inflammatory subset following AHR modulation.
FIGURE 3

PD-1/PD-L1 gene (qPCR) and protein (ELISA) expression following AHR modulation. CD279 (PD-1) mRNA levels (A), CD274 (PD-L1) mRNA
(B), soluble PD-1 (C), and soluble PD-L1 (D) were measured in AHR-stratified PDAC PBMCs after modulation. CTRL refers to untreated PDAC
PBMCs stimulated with LPS but without AHR modulators or tumor co-culture. Healthy indicates LPS-stimulated PBMCs from non-cancer donors,
and co-cultured refers to healthy PBMCs indirectly co-cultured with BxPC-3 cells. Healthy PBMCs and BxPC-3 co-cultured controls included.
Data shown as medians with full range. Each dot represents one PDAC patient; data from the same individual are shown in the same color across
all treatment conditions. Sample numbers (n) varied between assays and AHR expression groups due to differences in PBMC yield and viability
(typically n = 2–12 for PDAC High/Medium AHR, n = 2–13 for PDAC Low AHR, and n = 8–14 for healthy donors; see Supplementary Table ST1 for
details). *p < 0.05 vs. healthy; **p < 0.05 vs. co-cultured. ns – not significant.
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3.5 AHR signaling modulates cytokines
expression and localization

To investigate the impact of AHR modulation on inflammatory

activation, the expression of IL1B, IL4, IL6, and IL10 was evaluated

at the transcriptional, soluble, and intracellular levels in PBMCs

from PDAC patients stratified by AHR expression level (Figure 6).

Transcriptional analysis showed that IL1B mRNA was

significantly upregulated across all PDAC groups compared to

healthy PBMCs. In parallel, soluble IL1B levels were significantly

elevated under all PDAC conditions. Intracellular IL1B in M1

monocytes showed no significant changes in either AHR group,

except for a decrease following BAY treatment in the Low AHR

group. In contrast, M2 monocytes consistently exhibited elevated

IL1B levels across nearly all treatments, except under Tapinarof in

both AHR groups, indicating persistent inflammatory signaling

within the M2 compartment.
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No significant changes in IL4 mRNA were observed in the High

AHR group. However, Carbidopa significantly downregulated IL4

mRNA in the Low AHR group. Soluble IL4 levels remained

unchanged across all PDAC conditions. Intracellular IL4 in M1

monocytes was upregulated by Carbidopa and BAY in the High AHR

group, while in the Low AHR group, only Tapinarof induced IL4 in M1

cells. A similar pattern was observed inM2monocytes, where Tapinarof

significantly increased IL4 expression in the Low AHR group only.

IL6 mRNA was significantly elevated in all PDAC conditions

regardless of treatment or AHR expression. Similarly, soluble IL6

levels remained significantly increased, with no observed reduction

following any treatment. Intracellular IL6 in M1 monocytes was

largely unchanged, except for a notable increase following Tapinarof

treatment in the Low AHR group. In M2 monocytes, IL6 remained

elevated under BAY treatment in both AHR groups, and also

following Carbidopa in the Low AHR group, suggesting a

treatment-related modulation of M2-driven inflammatory signaling.
FIGURE 4

Lymphocyte subset (FC) distribution in PDAC PBMCs after AHR modulation. CD3+CD4+ T cells (A), CD3+CD8+ cytotoxic T cells (B), CD19+ B cells
(C), and CD3-CD16+CD56+ NK cells (D) were quantified by flow cytometry. CTRL refers to untreated PDAC PBMCs stimulated with LPS but without
AHR modulators or tumor co-culture. Healthy indicates LPS-stimulated PBMCs from non-cancer donors, and co-cultured refers to healthy PBMCs
indirectly co-cultured with BxPC-3 cells. Healthy PBMCs and BxPC-3 co-cultured controls included. Data shown as medians with full range. Each
dot represents one PDAC patient; data from the same individual are shown in the same color across all treatment conditions. Sample numbers (n)
varied between assays and AHR expression groups due to differences in PBMC yield and viability (typically n = 1–5 for PDAC High/Medium AHR,
n = 2–4 for PDAC Low AHR, and n = 11 for healthy donors; see Supplementary Table ST1 for details). *p < 0.05 vs. healthy; **p < 0.05 vs. co-cultured.
ns – not significant.
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IL10 expressionwas robustly upregulated at both transcriptional and

soluble levels in all PDAC groups. However, only Carbidopa significantly

reduced IL10 mRNA levels between treatments in the High AHR group.

In the LowAHR group, Tapinarof significantly upregulated IL10mRNA

compared to both healthy and PDAC controls. Similarly, soluble IL10
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was elevated in all treated groups. Intracellular IL10 expression remained

unchanged in both M1 and M2 monocytes in all groups, except for a

significant reduction following Tapinarof treatment in the Low AHR

group, suggesting a potential suppression of immunoregulatory signaling

under Low AHR conditions.
FIGURE 6

AHR pathway modulation alters IL1B, IL4, IL6, and IL10 expression (FC, Luminex) in PDAC PBMCs. Cytokine expression was assessed at mRNA,
soluble, and intracellular levels in M1 and M2 monocytes following treatment with Carbidopa, Tapinarof, or BAY. Samples were stratified by baseline
AHR expression. CTRL refers to untreated PDAC PBMCs stimulated with LPS but without AHR modulators or tumor co-culture. Healthy indicates
LPS-stimulated PBMCs from non-cancer donors, and co-cultured refers to healthy PBMCs indirectly co-cultured with BxPC-3 cells. Sample
numbers (n) varied between assays and AHR expression groups due to differences in PBMC yield and viability (typically n = 1–13 for PDAC High/
Medium AHR, n = 2–13 for PDAC Low AHR, and n = 11–14 for healthy donors; see Supplementary Table ST1 for details). Color coding: red =
upregulated; blue = downregulated; white = no significant change; ↑/↓ indicate directional changes; D – significant vs. CTRL PDAC; *p < 0.05 vs.
healthy; **p < 0.05 vs. co-cultured; NS, not significant.
FIGURE 5

Monocyte (FC) polarization profile following AHR modulation. M0 monocytes (A), M1 monocytes (B), and M2 monocytes (C) were assessed in PDAC
PBMCs stratified by baseline AHR expression. CTRL refers to untreated PDAC PBMCs stimulated with LPS but without AHR modulators or tumor co-
culture. Healthy indicates LPS-stimulated PBMCs from non-cancer donors, and co-cultured refers to healthy PBMCs indirectly co-cultured with
BxPC-3 cells. Healthy PBMCs and BxPC-3 co-cultured controls included. Data shown as medians with full range. Each dot represents one PDAC
patient; data from the same individual are shown in the same color across all treatment conditions. Sample numbers (n) varied between assays and
AHR expression groups due to differences in PBMC yield and viability (typically n = 1–5 for PDAC High/Medium AHR, n = 2–4 for PDAC Low AHR,
and n = 11 for healthy donors; see Supplementary Table ST1 for details). *p < 0.05 vs. healthy; **p < 0.05 vs. co-cultured. ns – not significant.
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3.6 AHR modulators influence subcellular
localization of the aryl hydrocarbon
receptor in high/medium AHR group
PBMCs

To assess the spatial distribution of AHR protein in response to

pathway modulation, immunofluorescence analysis was performed

on PBMCs from a High/Medium AHR group of patients with

PDAC (Patient 256). In untreated conditions (Figure 7, CTRL row),

the aryl hydrocarbon receptor signal was weak and localized

predominantly to the cytoplasm, consistent with the inactive

receptor status. Exposure to Carbidopa led to a moderate decrease

in AHR signal intensity and partial colocalization with nuclear

regions (Figure 7, Carbidopa row), suggesting ligand-induced

receptor activation, translocation and possible autoinhibition.

Treatment with Tapinarof resulted in a punctate AHR pattern

with a clear nuclear overlap (Figure 7, Tapinarof row), indicating

enhanced nuclear accumulation. BAY induced the strongest

nuclear localization of AHR, with signals sharply concentrated

within Hoechst 33342 – stained (DAPI filter) nuclei (Figure 7,

BAY row), consistent with ligand engagement and nuclear

accumulation, which does not imply transcriptional activation.
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Detailed per-cell quantification (box with jitter) is provided in

Supplementary Figure SF5A.
3.7 Subcellular distribution of AHR protein
in PBMCs from a Low AHR PDAC patient
following pathway modulation

To assess the subcellular distribution of the AHR protein in

response to pathway modulation in a patient with low basal AHR

expression, immunofluorescence imaging was performed on PBMCs

from patient 259. Under untreated control conditions (Figure 8,

CTRL row), the AHR signal was minimal and dispersed throughout

the cytoplasm, with very limited colocalization in the nuclear regions.

Carbidopa exposure did not markedly increase AHR signal intensity

or alter subcellular localization (Figure 8, Carbidopa row), remaining

cytoplasmic or diffuse. In contrast, Tapinarof induced a visible

increase in AHR fluorescence (Figure 8, Tapinarof row), including

punctate accumulation within the nuclear areas. BAY treatment

(Figure 8, BAY row) produced the highest nuclear signal in this

patient, although the absolute intensity remained lower than that in

the High/Medium AHR patient (Figure 7), which is consistent with
FIGURE 7

Representative images of aryl hydrocarbon receptor localization (immunocytochemistry) in primary blood cells from patient 256 (High/Medium
AHR expression group). Cells were left untreated without modulators (CTRL) or treated with Carbidopa, BAY, or Tapinarof for 24 hours. AHR was
visualized using immunofluorescence (green), and nuclei were counterstained with DAPI (blue). Each row corresponds to one treatment condition
and displays individual channels (Phase-contrast, AHR, DAPI), merged images, and AHR nuclear/cytoplasmic (N/C) quantification. White squares
indicate 3× magnified areas. Scale bar: 50 mm, zoom-in: 10 mm. Representative images are shown for one PDAC donor (patient 256) from the
High/Medium AHR group; two biological replicates per group were analyzed in total. Quantitative analysis of both patients is presented in
Supplementary Figure SF5A.
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the overall reduced AHR levels in this group. Quantitative analysis of

the nuclear-to-cytoplasmic (N/C) AHR ratio supported these visual

findings. Detailed per-cell quantification (box with jitter) is provided

in Supplementary Figure SF5B.
3.8 Clinical association of AHR expression
with patient survival

To evaluate the prognostic relevance of baseline AHR expression,

overall survival was analyzed in PDAC patients stratified into Low

and High/Medium AHR expression groups. Kaplan–Meier survival

curves (Figure 9) showed a trend toward improved survival in the

High/Medium AHR group; however, the difference did not reach

statistical significance (log-rank p = 0.276). While exploratory in

nature, these results suggest that systemic AHR expression may be

associated with immune responsiveness and clinical outcomes,

highlighting its potential utility as a prognostic biomarker and tool

for therapeutic stratification in PDAC.

To further ensure that the observed immunological differences

were not driven by clinical or demographic imbalances, we
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compared the tumor stage (T, N, M), histological grade (G), age,

sex, and serum CA 19–9 levels between the Low and High/Medium

AHR expression groups. Using the Mann–Whitney U test for

continuous and ordinal variables and chi-square or Fisher’s

exact test for categorical variables, no statistically significant

differences were observed across groups (all p > 0.05). However,

trends toward higher histological grade and more advanced tumor

stage (T) were noted in the Low AHR group, although these did not

reach statistical significance. These findings suggest that the

observed immunological variation is unlikely to result from

underlying clinical heterogeneity (see Supplementary Figure SF1;

Supplementary Table ST2 for detailed group comparisons).

To further explore potential demographic influences, we

examined sex-related immune marker differences in PDAC and

healthy donors. An exploratory analysis further compared PD-1,

PD-L1, and IL10 expression between male and female PDAC

patients (Supplementary Figure SF2). A modest increase in PD-1

expression was observed among females within the High/Medium

AHR group (p < 0.05), whereas PD-L1 and IL10 levels showed no

significant sex-based differences. No such effects were found in

healthy PBMCs (Supplementary Figure SF3).
FIGURE 8

Immunofluorescent visualization of AHR localization (immunocytochemistry) in PBMCs from patient 259 (Low AHR expression group). Fluorescence
microscopy images show immunofluorescent labeling of AHR (green) and nuclear staining with DAPI (blue). Cells were either untreated without
modulators (CTRL) or treated with Carbidopa, BAY, or Tapinarof for 24 hours. Each row depicts one treatment condition, with corresponding:
Phase-contrast, AHR, DAPI, merged images, and donut chart quantification of nuclear and cytoplasmic AHR intensity. White squares indicate 3×
magnified areas. Scale bar: 50 µm, zoom-in: 10 mm. Representative images are shown for one PDAC donor (patient 259) from the Low AHR group;
two biological replicates per group were analyzed in total. Quantitative analysis of both patients is presented in Supplementary Figure SF5B.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1655258
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Bartkeviciene et al. 10.3389/fimmu.2025.1655258
4 Discussion

The aryl hydrocarbon receptor is a ligand-sensitive transcription

factor that plays a key role in the regulation of immune function and

tumor development (28, 29). In PDAC, strong changes in AHR

activity in both immune and tumor cells contribute to an

immunosuppressive environment (19, 27). In our study, Carbidopa

unexpectedly lowered AHR gene expression in PBMCs, likely due to

negative feedback via AHRR or other self-regulatorymechanisms (30,

31). However, Carbidopa and Tapinarof increased CYP1A1 levels,

confirming activation of the AHR pathway. As expected, BAY, a

known antagonist, reduced CYP1A1 expression, thus confirming its

inhibitory effect (32). In healthy PBMCs, co-culture with BxPC-3 cells

increased the AHR and CYP1A1 levels, indicating that signals from

cancer cells can activate this pathway (29, 33).

The expression of PTGS2, which drives inflammation and

tumor-promoting PGE2 production (25, 34–36), shifted modestly

toward the healthy range after AHR agonist treatment (most visibly

with Carbidopa) but did not fully normalize, whereas PGE2 changes

did not reach statistical significance. These trends suggest that AHR

may act differently depending on the context, sometimes promoting

or dampening inflammation (26, 37).

In addition to immunological outcomes, we explored whether

the clinical features differed between the Low and High/Medium

AHR expression groups. While no statistically significant
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differences were observed, a trend toward improved overall

survival was noted in the High/Medium AHR group based on

Kaplan–Meier analysis (log-rank p = 0.276). The median survival

was not reached in either group during the follow-up period. These

findings suggest that baseline AHR expression may have prognostic

value in PDAC in addition to its immunological significance.

Nonetheless, survival analysis was underpowered and exploratory

in nature. As such, no definitive prognostic conclusion can be

drawn without validation in larger cohorts.

Similar to Carbidopa, AHR inhibition with BAY reduced PD-1

expression in the PDAC PBMCs. Interestingly, PD-1 expression

also decreased in healthy PBMCs after tumor co-culture, suggesting

that AHR signaling may be involved in T cell exhaustion (38).

Carbidopa showed a trend toward increased levels of sPD-1, a decoy

molecule that may help restore immune activity by blocking PD-L1

binding (39). Though its role remains context-dependent, and

its elevation has been linked with both immune restoration

and poor prognosis depending on disease stage and setting.

Thus, interpretation should remain cautious and hypothesis-

generating. Simultaneously, the soluble PD-L1 (sPD-L1) levels

decreased slightly. A shift in the sPD-1/sPD-L1 ratio may reflect

an improved immune responsiveness (40, 41). These results show

that AHR-targeting drugs could help fine-tune immune checkpoint

activity and potentially complement checkpoint blockade therapy.

Importantly, the observed differences between High/Medium and
FIGURE 9

Kaplan–Meier survival curves of PDAC patients stratified by baseline AHR expression. Patients were grouped into High/Medium (red line) and Low
(blue line) AHR expression groups. Each red “×” symbol indicates a death event. A non-significant difference in overall survival was observed between
the groups (log-rank p = 0.276).
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Low AHR PBMC responses highlight the translational potential of

AHR expression profiling as a clinical tool to guide the stratified use

of AHR-targeted immunotherapies in patients with PDAC.

We also observed changes in lymphocyte populations. BAY

treatment significantly increased the proportion of CD4+ helper T

cells in the High/Medium AHR group, suggesting improved helper

cell support, whereas Tapinarof showed only trend-level

fluctuations without statistical significance. No significant

alterations were observed in cytotoxic CD8+ T cells across

treatments in either AHR group. The percentage of B cells

increased following BAY treatment in both AHR groups,

consistent with the overall expansion trend observed in PDAC

PBMCs (42). Although we did not directly measure Tregs or Tfh

cells, previous studies have shown that AHR can promote Treg

development, particularly via kynurenine (43). Our results suggest

similar effects, where AHR modulation may tilt immune balance

toward enhanced helper and antibody-producing pathways rather

than cytotoxic responses. Combining AHR modulators with

checkpoint inhibitors may help promote a more effective tumor-

killing Th1 profile (44).

Cytokine profiles matched immune cell trends. IL1B, IL6, and

IL10 levels were generally increased, with M2 monocytes showing

the most consistent upregulation of IL1B and IL6, indicating their

major contribution to the inflammatory response. IL1B levels in M1

monocytes remained mostly unchanged, but were significantly

reduced after BAY treatment in the Low AHR group. IL6

expression in M1 monocytes also remained stable, except for a

marked increase following Tapinarof treatment in the Low AHR

group. IL10 was highest in Low AHR samples after Tapinarof

treatment at the mRNA and soluble level, possibly indicating

regulatory effects. However, intracellular IL10 was significantly

reduced in both M1 and M2 monocytes after Tapinarof treatment

in the Low AHR group, suggesting that regulatory effects at the

transcriptional and secreted levels may not translate into functional

immunosuppression within monocytes.

Monocyte polarization supported these findings. The

proportion of M0 monocytes remained largely unchanged across

treatment conditions, indicating that the observed effects reflect

polarization dynamics rather than shifts in total monocyte

activation. All modulators reduced the number of M2 cells, which

are linked to immune escape. BAY preserved M1 monocytes in Low

AHR samples, indicating that AHR inhibition may support

proinflammatory and antitumor monocyte profiles (45–48). This

observation aligns with the findings of Campesato et al. (2020), who

demonstrated that AHR blockade disrupts the kynurenine-driven

Treg - macrophage suppressive axis, thereby restoring antitumor

immunity and enhancing response to PD-1 blockade. Recent

mechanistic studies further confirm the role of AHR in

macrophage plasticity within the tumor microenvironment (46).

In particular, Abdrabou et al. (2024) demonstrated that inhibition

of AHR, together with IRAK1, downregulates the immune

checkpoint regulator VISTA and reprograms tumor-associated

macrophages toward a proinflammatory, antitumor phenotype

(48) supporting the concept that AHR modulation influences

macrophage polarization patterns in PBMC-derived monocytes.
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An exploratory sex-based analysis based on our data

(Supplementary Figures SF2, SF3) revealed a moderate increase in

PD-1 expression among female PDAC donors within the High/

Medium AHR group, whereas no sex differences were detected in

healthy controls. This suggests that sex-related immune variation

may become apparent only in the PDAC context under heightened

AHR signaling. No differences were found for PD-L1 or IL10 in either

cohort. Although the sample size is limited, these findings are

consistent with recent evidence that AHR signaling interacts with

sex hormones and exerts sex-dependent regulatory effects on

immune and endocrine pathways (49, 50).Although direct

functional assays, such as T cell proliferation, cytokine release (e.g.,

IFNg, TNFa), or cytotoxicity measurements, were not performed, the

multiplex cytokine profiling and flow cytometric assessment of

activation and polarization markers used in this study provide

complementary functional insight into AHR-mediated immune

modulation. These combined readouts reflect key effector outcomes

of AHR signaling, including altered cytokine secretion and immune

checkpoint expression, supporting the immunological relevance of

the observed AHR-dependent responses.

Subcellular localization data confirmed AHR activity. In High/

Medium AHR PBMCs, Tapinarof and BAY led to increased AHR in

the nucleus, consistent with activation. In Low AHR cells, this shift

was weaker, likely because of lower receptor levels or different

activation thresholds. Interestingly, BAY still caused nuclear

localization even though it was an antagonist. These imaging data

underscore that nuclear localization does not equate to

transcriptional activation: despite robust nuclear AHR after BAY

2416964, CYP1A1 was suppressed. This supports the interpretation

that BAY 2416964 acts as a selective AHR modulator (SAhRM): it

permits AHR nuclear entry but prevents transcriptional activation

(31). Other factors, such as AHR nuclear translocator (ARNT)

levels or ligand-binding strength, may also affect the extent to which

AHR moves to the nucleus.

This study’s findings have several practical implications. Both

Carbidopa and Tapinarof are approved drugs with known safety

profiles, and BAY is used in clinical testing (31, 44, 51, 52). The

AHR-dependent activity of BAY 2416964 and Tapinarof has been

experimentally demonstrated in PDAC cell lines by our group (53)

where these compounds modulated AHR, PTGS2, and ELAVL1

expression in BxPC-3 and Su.86.86 cells, confirming AHR-pathway

specificity. Carbidopa, while not examined in that study, has been

independently validated as a selective AHR agonist (51, 52)

supporting its use as a pharmacological AHR modulator in

PBMC-based assays. Our data support further work on AHR-

targeted treatments for PDAC, especially patient selection based

on AHR expression, to tailor immunotherapy more effectively.

Moreover, the differential impact of AHR modulators, some of

which are already clinically approved for non-oncological

indications, raises the possibility of therapeutic repurposing

contingent upon further validation in oncology-specific models.

Quantitative AHR profiling of PBMCs could potentially serve as

a minimally invasive companion diagnostic tool in future clinical

trials, enabling patient selection and real-time monitoring of

immune responsiveness during immunotherapy. These findings
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support the integration of AHR expression profiling into

personalized immunotherapy strategies in PDAC.

Direct comparative analysis of AHR expression in TAMs and

matched PBMCs has not yet been performed but is currently under

investigation. Future work will address whether similar AHR

mechanisms occur within the tumor microenvironment and

TAMs. Unequal sample sizes across treatment arms and AHR

strata arose from variable PBMC yields and post hoc stratification.

Nevertheless, the use of nonparametric statistics ensures robustness

against unequal group sizes, and the observed trends remained

consistent across independent experimental readouts (qPCR,

ELISA/Luminex, and flow cytometry). The consistency of patterns

observed across independent assays (gene expression, cytokine, and

flow cytometry analyses) supports the robustness of the overall

conclusions despite variable sample sizes.

A limitation of this study is the lack of direct functional

immune assays, such as T cell cytotoxicity, proliferation, or

cytokine release (e.g., IFNg, TNFa). Although multiplex

cytokine profiling and flow cytometric evaluation of activation

and polarization markers provide indirect functional insight,

future studies should incorporate these assays to confirm

whether the observed molecular and phenotypic changes

translate into enhanced immune effector function. Also, the ex

vivo nature of the PBMC model and use of a single PDAC cell line

may not fully reflect the in vivo tumor microenvironment.

Additionally, several observed trends (e.g., in PGE2, sPD-1) did

not reach statistical significance, and survival analysis was

exploratory due to small cohort size. Future studies using

organoids, functional assays, and prospective cohorts are needed

to validate these findings.
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9. Cui A, Huang T, Li S, Ma A, Pérez JL, Sander C, et al. Dictionary of immune
responses to cytokines at single-cell resolution. Nature. (2024) 625:377–84.
doi: 10.1038/s41586-023-06816-9

10. Singh G, Kutcher D, Lally R, Rai V. Targeting neoantigens in pancreatic ductal
adenocarcinoma. Cancers (Basel). (2024) 16:2101. doi: 10.3390/cancers16112101

11. Mucileanu A, Chira R, Mircea PA. PD-1/PD-L1 expression in pancreatic cancer
and its implication in novel therapies. Med Pharm Rep. (2021) 94:402–10.
doi: 10.15386/mpr-2116

12. Salmaninejad A, Valilou SF, Shabgah AG, Aslani S, Alimardani M, Pasdar A,
et al. PD‐1/PD‐L1 pathway: Basic biology and role in cancer immunotherapy. J Cell
Physiol. (2019) 234:16824–37. doi: 10.1002/jcp.28358

13. Heumann T, Azad N. Next-generation immunotherapy for pancreatic ductal
adenocarcinoma: navigating pathways of immune resistance. Cancer Metastasis Rev.
(2021) 40:837–62. doi: 10.1007/s10555-021-09981-3

14. Cai J, Wang D, Zhang G, Guo X. The role of PD-1/PD-L1 axis in treg
development and function: implications for cancer immunotherapy. Onco Targets
Ther. (2019) 12:8437–45. doi: 10.2147/OTT.S221340

15. Yin C, Han Q, Xu D, Zheng B, Zhao X, Zhang J. SALL4-mediated upregulation
of exosomal miR-146a-5p drives T-cell exhaustion by M2 tumor-associated
macrophages in HCC. Oncoimmunology. (2019) 8:e1601479. doi: 10.1080/
2162402X.2019.1601479

16. Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools and
targets in cancer therapy. Nat Rev Drug Discov. (2022) 21:799–820. doi: 10.1038/
s41573-022-00520-5

17. Qiu J, Cheng Z, Jiang Z, Gan L, Zhang Z, Xie Z. Immunomodulatory precision: A
narrative review exploring the critical role of immune checkpoint inhibitors in cancer
treatment. Int J Mol Sci. (2024) 25:5490. doi: 10.3390/ijms25105490

18. Michl P, Krug S. Overcoming immune evasion in pancreatic cancer: the
combination matters. Gut. (2018) 67:997–9. doi: 10.1136/gutjnl-2017-315443

19. Hezaveh K, Shinde RS, Klötgen A, Halaby MJ, Lamorte S, Ciudad MT, et al.
Tryptophan-derived microbial metabolites activate the aryl hydrocarbon receptor in
tumor-associated macrophages to suppress anti-tumor immunity. Immunity. (2022)
55:324–340.e8. doi: 10.1016/j.immuni.2022.01.006

20. Jeschke U, Zhang X, Kuhn C, Jalaguier S, Colinge J, Pfender K, et al. The prognostic
impact of the aryl hydrocarbon receptor (AhR) in primary breast cancer depends on the
lymph node status. Int J Mol Sci. (2019) 20:1016. doi: 10.3390/ijms20051016

21. Moretti S, Nucci N, Menicali E, Morelli S, Bini V, Colella R, et al. The aryl
hydrocarbon receptor is expressed in thyroid carcinoma and appears to mediate
epithelial-mesenchymal-transition. Cancers (Basel). (2020) 12:145. doi: 10.3390/
cancers12010145

22. Talari NK, Panigrahi MK, Madigubba S, Phanithi PB. Overexpression of aryl
hydrocarbon receptor (AHR) signalling pathway in human meningioma. J Neurooncol.
(2018) 137:241–8. doi: 10.1007/s11060-017-2730-3

23. Chaudhry KA, Bianchi-Smiraglia A. The aryl hydrocarbon receptor as a tumor
modulator: mechanisms to therapy. Front Oncol. (2024) 14. doi: 10.3389/
fonc.2024.1375905

24. Masoudi S, Hassanzadeh Nemati A, Fazli HR, Beygi S, Moradzadeh M, Pourshams
A, et al. An increased level of aryl hydrocarbon receptor in patients with pancreatic cancer.
Middle East J Dig Dis. (2018) 11:38–44. doi: 10.15171/mejdd.2018.126

25. Zhu P, Zhou K, Lu S, Bai Y, Qi R, Zhang S. Modulation of aryl hydrocarbon
receptor inhibits esophageal squamous cell carcinoma progression by repressing
COX2/PGE2/STAT3 axis. J Cell Commun Signal. (2020) 14:175–92. doi: 10.1007/
s12079-019-00535-5

26. Finetti F, Travelli C, Ercoli J, Colombo G, Buoso E, Trabalzini L. Prostaglandin
E2 and cancer: insight into tumor progression and immunity. Biol (Basel). (2020) 9:434.
doi: 10.3390/biology9120434

27. Bartkeviciene A, Jasukaitiene A, Zievyte I, Stukas D, Ivanauskiene S, Urboniene
D, et al. Association between AHR expression and immune dysregulation in pancreatic
ductal adenocarcinoma: insights from comprehensive immune profiling of peripheral
blood mononuclear cells. Cancers (Basel). (2023) 15:4639. doi: 10.3390/
cancers15184639

28. Trikha P, Lee DA. The role of AhR in transcriptional regulation of immune cell
development and function. Biochim Biophys Acta (BBA) - Rev Cancer. (2020)
1873:188335. doi: 10.1016/j.bbcan.2019.188335

29. Griffith BD, Frankel TL. The aryl hydrocarbon receptor: impact on the tumor
immune microenvironment and modulation as a potential therapy. Cancers (Basel).
(2024) 16:472. doi: 10.3390/cancers16030472

30. Stockinger B, Shah K, Wincent E. AHR in the intestinal microenvironment:
safeguarding barrier function. Nat Rev Gastroenterol Hepatol. (2021) 18:559–70.
doi: 10.1038/s41575-021-00430-8

31. Kober C, Roewe J, Schmees N, Roese L, Roehn U, Bader B, et al. Targeting the
aryl hydrocarbon receptor (AhR) with BAY 2416964: a selective small molecule
inhibitor for cancer immunotherapy. J Immunother Cancer. (2023) 11:e007495.
doi: 10.1136/jitc-2023-007495

32. Balta E, Wabnitz GH, Samstag Y. Hijacked immune cells in the tumor
microenvironment: molecular mechanisms of immunosuppression and cues to
improve T cell-based immunotherapy of solid tumors. Int J Mol Sci. (2021) 22:5736.
doi: 10.3390/ijms22115736

33. Popolo A, Pinto A, Daglia M, Nabavi SF, Farooqi AA, Rastrelli L. Two likely
targets for the anti-cancer effect of indole derivatives from cruciferous vegetables: PI3K/
Akt/mTOR signalling pathway and the aryl hydrocarbon receptor. Semin Cancer Biol.
(2017) 46:132–7. doi: 10.1016/j.semcancer.2017.06.002

34. Ma Y, Kroemer G. The cancer-immune dialogue in the context of stress. Nat Rev
Immunol. (2024) 24:264–81. doi: 10.1038/s41577-023-00949-8

35. Koh SA. An update on immunotherapy with PD-1 and PD-L1 blockade.
Yeungnam Univ J Med. (2021) 38:308–17. doi: 10.12701/yujm.2021.01312
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1655258/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1655258/full#supplementary-material
https://doi.org/10.1038/s41575-023-00840-w
https://doi.org/10.1016/j.canlet.2024.216636
https://doi.org/10.1186/s13046-023-02935-3
https://doi.org/10.1007/s10689-024-00372-5
https://doi.org/10.1007/s10689-024-00372-5
https://doi.org/10.3389/fonc.2024.1386699
https://doi.org/10.1371/journal.pone.0279001
https://doi.org/10.1016/j.intimp.2021.107508
https://doi.org/10.3390/cells9030555
https://doi.org/10.1038/s41586-023-06816-9
https://doi.org/10.3390/cancers16112101
https://doi.org/10.15386/mpr-2116
https://doi.org/10.1002/jcp.28358
https://doi.org/10.1007/s10555-021-09981-3
https://doi.org/10.2147/OTT.S221340
https://doi.org/10.1080/2162402X.2019.1601479
https://doi.org/10.1080/2162402X.2019.1601479
https://doi.org/10.1038/s41573-022-00520-5
https://doi.org/10.1038/s41573-022-00520-5
https://doi.org/10.3390/ijms25105490
https://doi.org/10.1136/gutjnl-2017-315443
https://doi.org/10.1016/j.immuni.2022.01.006
https://doi.org/10.3390/ijms20051016
https://doi.org/10.3390/cancers12010145
https://doi.org/10.3390/cancers12010145
https://doi.org/10.1007/s11060-017-2730-3
https://doi.org/10.3389/fonc.2024.1375905
https://doi.org/10.3389/fonc.2024.1375905
https://doi.org/10.15171/mejdd.2018.126
https://doi.org/10.1007/s12079-019-00535-5
https://doi.org/10.1007/s12079-019-00535-5
https://doi.org/10.3390/biology9120434
https://doi.org/10.3390/cancers15184639
https://doi.org/10.3390/cancers15184639
https://doi.org/10.1016/j.bbcan.2019.188335
https://doi.org/10.3390/cancers16030472
https://doi.org/10.1038/s41575-021-00430-8
https://doi.org/10.1136/jitc-2023-007495
https://doi.org/10.3390/ijms22115736
https://doi.org/10.1016/j.semcancer.2017.06.002
https://doi.org/10.1038/s41577-023-00949-8
https://doi.org/10.12701/yujm.2021.01312
https://doi.org/10.3389/fimmu.2025.1655258
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Bartkeviciene et al. 10.3389/fimmu.2025.1655258
36. Jin K, Qian C, Lin J, Liu B. Cyclooxygenase-2-Prostaglandin E2 pathway: A key
player in tumor-associated immune cells. Front Oncol. (2023) 13. doi: 10.3389/
fonc.2023.1099811

37. Feng S, Cao Z, Wang X. Role of aryl hydrocarbon receptor in cancer. Biochim
Biophys Acta (BBA) - Rev Cancer. (2013) 1836:197–210. doi: 10.1016/j.bbcan.2013.05.001

38. Gargaro M, Scalisi G, Manni G, Mondanelli G, Grohmann U, Fallarino F. The
landscape of ahR regulators and coregulators to fine-tune ahR functions. Int J Mol Sci.
(2021) 22:757. doi: 10.3390/ijms22020757

39. Amobi-McCloud A, Muthuswamy R, Battaglia S, Yu H, Liu T, Wang J, et al.
IDO1 expression in ovarian cancer induces PD-1 in T cells via aryl hydrocarbon
receptor activation. Front Immunol. (2021) 12. doi: 10.3389/fimmu.2021.678999

40. Niu M, Liu Y, Yi M, Jiao D, Wu K. Biological characteristics and clinical
significance of soluble PD-1/PD-L1 and exosomal PD-L1 in cancer. Front Immunol.
(2022) 13. doi: 10.3389/fimmu.2022.827921

41. Zhu X, Lang J. Soluble PD-1 and PD-L1: predictive and prognostic significance
in cancer. Oncotarget. (2017) 8:97671–82. doi: 10.18632/oncotarget.18311

42. Wang L, Tang W, Yang S, He P, Wang J, Gaedcke J, et al. NO • /RUNX3/
kynurenine metabolic signaling enhances disease aggressiveness in pancreatic cancer.
Int J Cancer. (2020) 146:3160–9. doi: 10.1002/ijc.32733

43. Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham WJ, Bradfield CA.
An interaction between kynurenine and the aryl hydrocarbon receptor can generate
regulatory T cells. J Immunol. (2010) 185:3190–8. doi: 10.4049/jimmunol.0903670

44. Silverberg JI, Boguniewicz M, Quintana FJ, Clark RA, Gross L, Hirano I, et al.
Tapinarof validates the aryl hydrocarbon receptor as a therapeutic target: A clinical
review. J Allergy Clin Immunol. (2024) 154:1–10. doi: 10.1016/j.jaci.2023.12.013

45. Wang X, Li D, Zhu B, Hua Z. Single-cell transcriptome analysis identifies a
novel tumor-associated macrophage subtype predicting better prognosis in
Frontiers in Immunology 17
pancreatic ductal adenocarcinoma. Front Cell Dev Biol. (2024) 12. doi: 10.3389/
fcell.2024.1466767

46. Campesato LF, Budhu S, Tchaicha J, Weng CH, Gigoux M, Cohen IJ, et al.
Blockade of the AHR restricts a Treg-macrophage suppressive axis induced by L-
Kynurenine. Nat Commun. (2020) 11:4011. doi: 10.1038/s41467-020-17750-z

47. Yang S, Liu Q, Liao Q. Tumor-associated macrophages in pancreatic ductal
adenocarcinoma: origin, polarization, function, and reprogramming. Front Cell Dev
Biol. (2021) 8. doi: 10.3389/fcell.2020.607209

48. Abdrabou AM, Ahmed SU, Fan MJ, Duong BTV, Chen K, Lo PY, et al.
Identification of VISTA regulators in macrophages mediating cancer cell survival. Sci
Adv. (2024) 10:eadq8122. doi: 10.1126/sciadv.adq8122

49. Madison CA, Debler RA, Vardeleon NI, Hillbrick L, Jayaraman A, Safe S, et al.
Sex-dependent differences in the stress mitigating and antidepressant effects of selective
aryl hydrocarbon receptor modulators. J Affect Disord. (2022) 319:213–20. doi: 10.1016/
j.jad.2022.09.155

50. Bustani G, Alghetaa H, Mohammed A, Nagarkatti M, Nagarkatti P. The aryl
hydrocarbon receptor: a new frontier in male reproductive system. Reprod Biol
Endocrinol. (2025) 23:70. doi: 10.1186/s12958-025-01401-3

51. Safe S. Carbidopa: a selective Ah receptor modulator (SAhRM). Biochem J.
(2017) 474:3763–5. doi: 10.1042/BCJ20170728

52. Ogura J, Miyauchi S, Shimono K, Yang S, Gonchigar S, Ganapathy V, et al.
Carbidopa is an activator of aryl hydrocarbon receptor with potential for cancer
therapy. Biochem J. (2017) 474:3391–402. doi: 10.1042/BCJ20170583

53. Stukas D, Zievyte I, Ivanauskiene S, Karvelyte G, Jasukaitiene A, Bartkeviciene A,
et al. Small-molecule inhibitor BAY synergizes with gemcitabine through AHR
inhibition in pancreatic cancer cells. Biochem Pharmacol. (2025) 233:116798.
doi: 10.1016/j.bcp.2025.116798
frontiersin.org

https://doi.org/10.3389/fonc.2023.1099811
https://doi.org/10.3389/fonc.2023.1099811
https://doi.org/10.1016/j.bbcan.2013.05.001
https://doi.org/10.3390/ijms22020757
https://doi.org/10.3389/fimmu.2021.678999
https://doi.org/10.3389/fimmu.2022.827921
https://doi.org/10.18632/oncotarget.18311
https://doi.org/10.1002/ijc.32733
https://doi.org/10.4049/jimmunol.0903670
https://doi.org/10.1016/j.jaci.2023.12.013
https://doi.org/10.3389/fcell.2024.1466767
https://doi.org/10.3389/fcell.2024.1466767
https://doi.org/10.1038/s41467-020-17750-z
https://doi.org/10.3389/fcell.2020.607209
https://doi.org/10.1126/sciadv.adq8122
https://doi.org/10.1016/j.jad.2022.09.155
https://doi.org/10.1016/j.jad.2022.09.155
https://doi.org/10.1186/s12958-025-01401-3
https://doi.org/10.1042/BCJ20170728
https://doi.org/10.1042/BCJ20170583
https://doi.org/10.1016/j.bcp.2025.116798
https://doi.org/10.3389/fimmu.2025.1655258
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Baseline AHR expression shapes immune response to pharmacological modulation in PBMCs from pancreatic cancer patients
	1 Introduction
	2 Materials and methods
	2.1 Patient population
	2.2 PBMC isolation and cultivation
	2.3 RNA extraction and real-time polymerase chain reaction
	2.4 Stratification of AHR expression groups
	2.5 Flow cytometry (lymphocyte subsets, monocyte/macrophage subsets)
	2.6 Luminex (concentrations of media cytokines) and ELISA (concentrations of PD-1, PD-L1, PGE2, and IL6)
	2.7 Immunofluorescence and quantitative image analysis of AHR localization
	2.8 Statistical analysis

	3 Results
	3.1 Modulation of AHR signaling alters target gene expression and inflammatory markers in PDAC-derived PBMCs
	3.2 AHR modulation influences PD-1/PD-L1 pathway
	3.3 AHR modulation reshapes lymphocyte subset composition in PDAC-derived PBMCs
	3.4 AHR modulation differentially affects monocyte polarization in PDAC PBMCs
	3.5 AHR signaling modulates cytokines expression and localization
	3.6 AHR modulators influence subcellular localization of the aryl hydrocarbon receptor in high/medium AHR group PBMCs
	3.7 Subcellular distribution of AHR protein in PBMCs from a Low AHR PDAC patient following pathway modulation
	3.8 Clinical association of AHR expression with patient survival

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


