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ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) is a significant contributor
to cancer-related morbidity and mortality, and it is known for its resis-
tance to conventional treatment regimens, including chemotherapy and
immune checkpoint blockade (ICB)-based therapies. We have previously
shown that Urolithin A (Uro A), a gut microbial metabolite derived from
pomegranates, can target and inhibit KRAS-dependent PI3K/AKT/mTOR
signaling pathways to overcome therapeutic resistance and improve sur-
vival in PDAC. However, the effect of Uro A on the tumor immune
microenvironment and its ability to enhance ICB efficacy has not been
explored. This study demonstrates that Uro A treatment reduces stromal
fibrosis and reinvigorates the adaptive T-cell immune response to over-
come resistance to PD-1 blockade in a genetically engineered mouse model
(GEMM) of PDAC. Flow cytometric–based analysis of Uro A-treated
mouse tumors revealed a significant attenuation of immunosuppressive
tumor-associated M2-like macrophages with a concurrent increase in the

infiltration of CD4+ and CD8+ T cells with memory-like phenotype along
with reduced expression of the exhaustion-associated protein, PD-1. Impor-
tantly, the combination of Uro A treatment with anti-PD-1 immunotherapy
promoted enhancement of the antitumor response with increased infiltra-
tion of CD4+ Th1 cells, ultimately resulting in a remarkable improvement
in overall survival in GEMM of PDAC. Overall, our findings provide pre-
clinical evidence for the potential of Uro A as a novel therapeutic agent
to increase sensitivity to immunotherapy in PDAC and warrant further
mechanistic exploration in preclinical and clinical studies.

Significance: Immunotherapeutic agents are ineffective against pancreatic
cancer, mainly due to the immunosuppressive tumor microenvironment
and stromal desmoplasia. Our current study demonstrates the therapeutic
utility of a novel gut microbial metabolite, Uro A, to remodel the stromal-
immune microenvironment and improve overall survival with anti-PD-1
therapy in pancreatic cancer.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive cancer with a
5-year survival rate of 12%, making it one of the most lethal solid organ malig-
nancies (1). Treatment options for PDAC remain limited, with curative surgical
resection possible in only 15%–20% of cases due to advanced disease at the
time of diagnosis (1, 2). The current standard-of-care chemotherapy provides
limited benefit in improving disease outcomes inmost patients, yielding signifi-
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cant treatment-associated toxicities and frequently decreasing quality of life (3).
Although immunotherapy has revolutionized the treatment ofmanymalignan-
cies, it has largely been ineffective in achieving durable responses in themajority
of patients with PDAC (4–6). Studies aimed at elucidating the defining charac-
teristics that render PDAC refractory to conventional chemotherapeutic and
immunotherapeutic approaches have revealed that the tumor microenviron-
ment (TME) serves as a crucialmechanismbywhich cancer cells evade immune
surveillance, enabling tumor progression and distantmetastatic spread (7). The
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PDAC TME is characterized by intense stromal desmoplasia, an abundance of
extracellular matrix proteins, immunosuppressive cellular populations, and a
striking absence of activated T cells. Previous studies have shown this resistant
phenotype is reliant on oncogenicKRASmutations to drive disease progression
(8, 9).

Among the pleiotropic downstream drivers of KRAS-driven oncogenesis, mul-
tiple studies have demonstrated the importance of the PI3K/AKT/mTOR
cascade in promoting the immunosuppressive properties of PDAC lesions via
effects on both tumor cells and other immune constituents within the TME
(10). Inactivation of key components of this signaling node has been shown
to augment adaptive immune response and attenuate disease progression in
PDAC (11).

Despite promising preclinical results demonstrating the therapeutic efficacy
of this signaling axis, one major barrier to the clinical implementation of
PI3K/AKT/mTOR pathway inhibitors for the treatment of PDAC is the nar-
row therapeutic window for targeting these proteins and the significant side
effects associated with the treatment (12). Previous studies by our group have
demonstrated that the natural compound Urolithin A (Uro A), a gut mi-
crobiome natural compound derived from pomegranates, potently inhibits
PI3K/AKT/mTOR signaling at a physiologic dose that is well tolerated in mice
(10, 13, 14). We have shown that Uro A exhibits strong antitumor effects com-
bined with gemcitabine chemotherapy, resulting in reduced tumor growth and
improved survival in the aggressive PtfaCre/+;LSL-KrasGD/+;Tgfbrflox/flox

(PKT) murine model of PDAC (10).

Despite these encouraging preclinical results, the impact of Uro A on stromal
and immune architecture in the PDAC TME remains unknown. Our current
study demonstrates that Uro A treatment can effectively reduce primary tumor
burden in a T cell–dependent manner, decrease immunosuppressive tumor-
associated macrophages (TAM), and significantly increase the infiltration of
CD4+ and CD8+ T cells with a memory-like phenotype in the TME. Fur-
thermore, we show combining Uro A and anti-PD-1 (aPD-1) therapy leads
to a robust antitumor response, significantly improves overall survival, and
promotes the expansion of effector CD4+ Th1 cells in the highly aggressive,
syngeneic model of PDAC. Taken together, this study provides promising evi-
dence that Uro A holds potential as a novel therapeutic option for the treatment
of PDAC and could be further explored in clinical trials in combination with
immune checkpoint blockade (ICB) in patients with this deadly malignancy.

Materials and Methods
Ptf1aCre/+;LSL-KrasG12D/+;Tgfbr2flox/flox (PKT)
Mouse Studies
Tumor-bearing PKT mice (provided by Dr. Harold Moses, Vanderbilt Univer-
sity Medical Center, Nashville, TN) were generated as described previously (10,
15, 16). Male and female PKT mice (4.5 weeks old) were used in this study and
were housed in pathogen-free conditions under a 12-hour light-dark diurnal cy-
cle with a controlled temperature of (21°C–23°C) and maintained on standard
rodent diet.

PKT mice reproducibly develop highly aggressive PDAC tumors that result in
mortality within 8 weeks if left untreated (17, 18). For endpoint-based anal-
ysis, PKT mice were treated with Uro A (20 mg/kg/mouse via oral gavage
daily for 5 days per week) or equal volume vehicle control (10% glucose in
water) beginning at 4.5 weeks of age for a total of 3 weeks before harvesting
pancreatic tumors. Similarly, endpoint analysis was also conducted in PKT ge-

netically engineered mouse models (GEMM) with Omipalisib, PI3K inhibitor
(PI3Ki, GSK2126458). The drugwas prepared in solvent containing 10%DMSO,
40% PEG-300, 5% Tween-80, and 45% saline. Beginning at 4.5 weeks of age,
PKT mice were treated at 0.3 mg/kg/mouse via oral gavage for 5 days per
week or equal volume of vehicle control. At the end of 2 weeks treatment,
mice were euthanized and pancreatic tumor tissues were harvested for down-
stream experiments. For survival studies, PKT mice began treatment with
vehicle, Uro A, αPD-1 antibody (BioXCell, Clone #BE0273, 200 μg/mouse, in-
traperitoneal injection twice weekly), or a combination of Uro A and αPD-1 at
4.5 weeks that continued until moribund. For αPD-1 treatment, antibody dos-
ing was changed to once weekly when mice reached 7.5 weeks of age. Mice
were also weighed biweekly tomonitor for changes in their body weights due to
treatment-associated toxicity. All PKTmice as part of our long-term treatment
survival arm were monitored daily for their overall performance and status in a
treatment-blinded fashion similar along the lines of previously published stud-
ies (10, 18, 19). Animals showing clinical signs of significant disease burden
(impaired mobility, ruffled hair, hunched posture, loss of coordination) were
euthanized.

Histologic Analysis
Pancreatic tumor tissues were fixed in 10% neutral buffered formalin, embed-
ded in paraffin, and sectioned. Hematoxylin and eosin (H&E), Sirius Red,
Masson’s trichrome, and Alcian Blue were performed as described previously
(15, 20). For IHC, tissue sections were mounted on glass slides and deparaf-
finized in xylene, followed by rehydration using alcohol gradient. Antigen
retrieval was performed by incubating samples in citrate buffer (0.01 mol/L,
pH 6.0) and heating. Sections were blocked using BlockAid (Thermo Fisher
Scientific) to preclude nonspecific binding. Endogenous peroxidase activity
was quenched by incubating with 3% H2O2 for 10 minutes. Sections were
then incubated with the primary antibodies listed in (Supplementary Table
S1) in a humidified chamber at 4◦C overnight. The following day, slides were
washed and developed using VECTASTAIN R© Elite R© ABC-HRP Kit, Perox-
idase (Standard)-based kit (Vector) as per the manufacturer’s protocol, with
diaminobenzidine as the chromogen. Tissue sections were counterstained with
Mayer’s hematoxylin, mounted, and imaged using DM750 Leica microscope
(Leica Microsystems). For the quantitative histologic analysis, we analyzed im-
ages obtained from pancreatic tumor tissue sections by focusing solely on the
fraction of the tumor area in both the vehicle and treatment groups. To quantify
the number of positive cells, we captured 3–4 fields of view within the tumor
area in a treatment-blinded manner using ImageJ. To analyze the percentage of
the tumor area in relation to the entire pancreas, we captured multiple fields
of view (3–4) at lower magnification. We quantitatively compared total area
of normal pancreatic architecture (without Pancreatic Intraepithelial Neopla-
sia (PanINs) and tumor ductal epithelial cells) with areas with tumor cells in
each tissue section.

Western Blot Analysis
Cell lysis and Western blotting were done as described previously (10). For in
vivo studies, tumors were procured, and 5–10 mg of tissue was homogenized in
1X RIPA buffer (Cell Signaling Technology). Lysates were then sonicated, and
the supernatant was removed after centrifugation at 4°C. Protein quantification
was performed using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific)
as per the manufacturer’s protocol. Protein (12.5–40 μg) was loaded and sep-
arated by SDS-PAGE. Membranes were then transferred to a polyvinylidene
difluoride membrane, blocked in 5% milk solution, and incubated with pri-
mary antibodies (listed in Supplementary Table S1) overnight at 4°C. Secondary
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conjugation was performed using HRP-conjugated anti-rabbit or anti-mouse
antibodies (Jackson ImmunoResearch Laboratories), followed by development
with chemiluminescent substrate (Thermo Fisher Scientific) and imaged using
ChemiDoc Imaging System (Bio-Rad). Uncropped images of blots are shown
in Supplementary Figs. S1 and S2.

Cytokine Array Analysis
Lysates prepared from pancreatic tissue homogenate or conditionedmedia col-
lected from tumor cells were used for BCA-based protein estimation. Pooled in
vivo tissue lysates from each group or conditioned media harvested containing
an equal amount of protein (300 μg) were subjected to cytokine array profiling
as per manufacturer’s protocol (ARY006, R&D Systems).

Flow Cytometry
Pancreatic tumors harvested from PKTmice were enzymatically digested using
the solution of 0.6 mg/mL of collagenase P (Roche), 0.8 mg/mL Collagenase V
(Sigma-Aldrich), 0.6 mg/mL soybean trypsin inhibitor (Sigma-Aldrich), and
1,800 U/mL DNase I (Thermo Fisher Scientific) in RPMI medium for 20–
30 minutes at 37°C. Samples were then washed and resuspended in cold PBS
(supplemented with 2 mmol/L Etheylenediaminetetraacetic acid (EDTA) and
0.5% BSA), followed by straining through a 40 μmmesh filter to obtain single-
cell suspension. Samples were frozen at −80°C until further use. Prior to flow
cytometry staining, samples were thawed, washed, and incubated with mouse
FcR blocking reagent (Miltenyi Biotec) before subsequent staining with fluores-
cently conjugated antibodies listed in Supplementary Table S2. Live/dead cell
discrimination was performed using Live/Dead Fixable Blue Dead Cell Stain
(Life Technologies), and for intracellular staining, cells were fixed and perme-
abilized with the Foxp3/Transcription Factor Staining Buffer Set (eBiosciences)
as per the manufacturer’s instructions. Flow cytometric data acquisition was
performed on Cytek Aurora and analyzed using FlowJo v10 software (BD Life
Sciences). Gating strategies are depicted in Supplementary Fig. S3.

Cell Line Treatment
LSL-KrasGD/+;LSL-TrpRH/+;PdxCre/+ (KPC) mouse-derived primary
PDAC tumor cells (6694c2) were generously provided to us by Dr. Ben Z.
Stanger (University of Pennsylvania, Philadelphia, PA). As described previously
(21, 22), these KPC cells were examined by using the Infectious Microbe PCR
amplification test and authenticated. Cells with relatively low passage number
(<20) and routinely tested for Mycoplasma (InvivoGen Plasmo Test, catalog
no. rep-mys-50). For drug treatment studies, KPC PDAC tumor cells were
treated in 2.5% FBS RPMI with different concentrations of Uro A (HY-100599;
MedChemExpress) or PI3Ki (Omipalisib, HY-10297; MedChemExpress) at in-
dicated timepoint as specified in figure legends. Cell lysates or conditioned
media harvested from these cells were used for downstream analysis.

RNA Isolation and PCR Array Analysis
RNA was isolated from in vitro KPC tumor cells using the RNeasy Kit (Qia-
gen) according to the manufacturer’s protocol and as described previously (18).
cDNA generated after performing reverse transcription of RNA product was
subjected to quantitative PCR analysis using Mouse cancer inflammation and
immunity cross-talk array analysis (Qiagen; catalog no.330231).

T-cell Depletion Experiments
Starting at 4.5 weeks of age, tumor-bearing PKT mice (4.5 weeks old) were
treated intraperitoneally with 200 mg/mouse each of anti-CD4+ and anti-
CD8+ T cell–depleting antibodies (BioXCell, anti-CD4 Ab Clone GK1.5 and

anti-CD8 Ab Clone 2.43) as described previously. These mice were treated
with twice weekly dose for 1 week, and once weekly thereafter with Uro A
(20 mg/kg/mouse by oral gavage daily for 5 days per week) or equal volume
vehicle control (10% glucose in water) administered by oral gavage until mice
were moribund.

Statistical Analysis
Statistical analysis was performed using Prism Software (GraphPad Software
Inc.). Results are shown as values of mean ± SD except where otherwise
indicated. Two-tailed Student t test was used for the two-group compari-
son and one-way ANOVA for multiple group comparisons. Determination
of significance was made using α cutoff of 0.05. Pairwise comparison of sur-
vival curves between individual treatments was performed using the log-rank
(Mantel–Cox) test.

Ethics Approval
All experiments were performed in compliance with the regulations and ethi-
cal guidelines for experimental and animal studies of the Institutional Animal
Care and Use Committee at the University of Miami (Miami, FL; #15-057
and #18-081).

Availability of Data and Materials
The data generated in this study are available within the article and its
Supplementary Data.

Results
Uro A Treatment Downregulates PI3K/AKT/mTOR
Signaling, Reduces Primary Tumor Burden, and Alters
The Stromal TME in PDAC
Our previous data demonstrate Uro A is effective in PDAC in part through
modulation of the PI3K/AKT signaling pathway that is involved in the main-
tenance of multiple critical features in PDAC tumorigenesis (10). Indeed, our
analysis of the publicly available human PDAC The Cancer Genome Atlas
(TCGA) and GTEx dataset revealed overexpression of AKT mRNA, a key
downstream effector of PI3K, in PDAC samples compared with normal pan-
creas tissues in healthy individuals (Fig. 1A). In addition, we corroborated these
findings using pancreatic tumor sections harvested from GEMMs of PDAC
including LSL-KrasGD/+;LSL-TrpRH/+;PdxCre/+ (KPC) and PKT mice.
IHC-based analysis revealed significant hyperactivation of phosphorylated lev-
els of AKT (pAKT; Ser473) and P70S6K (pP70S6K; T421/S424) within the
pancreatic tumor ductal compartment of both KPC and PKT as compared with
pancreata of non–tumor-bearing Ptf1aCre/+ controlmice (Fig. 1B). These results
confirmed the involvement of ductal-specific activation of the PI3K/AKT and
mTOR signaling axis in PDAC.

Our previous work has established inhibition of PI3K/AKT and mTOR acti-
vation in PDAC by Uro A reduces tumor growth and significantly improves
overall survival in the PKT GEMM of PDAC. To further delineate stromal
immunomodulatory changes with Uro A, PKT mice (n = 10–12/arm) were
treated with vehicle or Uro A (20 mg/kg/5x per week), and pancreatic tumors
were processed for downstream analysis (Fig. 1C). As anticipated, Uro A treat-
ment significantly reduced primary tumor burden in PKTmice compared with
the vehicle-treated control group (Fig. 1D; Supplementary Fig. S4A). Impor-
tantly, there were no signs of toxic side effects associated with Uro A therapy,
as evidenced by the absence of differences in body weight between the vehicle
and Uro A-treated groups (Supplementary Fig. S4B). Furthermore, evaluation
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FIGURE 1 Uro A treatment downregulates PI3K/AKT/mTOR pathway, reduces primary tumor burden, alters the stromal composition and
immunomodulatory profile of the TME in a spontaneous murine model of PDAC. A, mRNA levels of AKT1 in normal pancreatic tissue (Normal; n = 171)
and patients with primary PDAC (Tumor; n = 179) from GTEx and pancreatic adenocarcinoma (PAAD) TCGA database. B, Representative H&E-stained
pancreas sections and IHC imaging analysis demonstrating pAKT and pP70S6K expression in the pancreatic tissue sections of non–tumor-bearing
Ptf1aCre, and tumor-bearing KPC and PKT GEMMs of PDAC. Quantification of relative areas of positive staining in (within the tumor area) tissue
sections from vehicle, and Uro A-treated tumors are indicated in adjacent plots. C, Schematic of vehicle or Uro A (20 mg/kg/day) treatment in PKT
mice. Treatment was initiated at 4.5 weeks of age when mice reproducibly developed palpable tumors and was continued for 3 weeks before sacrifice.
D, Pancreas weight analysis of Uro A or vehicle-treated PKT mice. E, Western blot analysis showing decreased pAKT and pP70S6K in PKT mice
pancreata after Uro A treatment as compared with vehicle-treated PKT mice, n = 3 mice/group. (Continued on the following page.)
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(Continued) F, Representative H&E-stained tumor sections, and IHC imaging analysis demonstrating reduction in pAKT and pP70S6K expression within
the ductal compartment of pancreatic tissue sections following Uro A treatment in PKT GEMM, n = 3 mice/group. G, Collagen 1, trichrome blue
staining, and their corresponding quantification analysis in pancreatic tumor tissues harvested from PKT mice treated with Uro A or vehicle, n = 5
mice/group. H, Cytokine array profiling of pancreatic tumor tissues harvested from PKT mice treated with Uro A or vehicle. Scale bar = 50 μm.
Individual datapoints with mean ± SEM are shown and compared by two-tailed unpaired t test for two group comparison and one-way ANOVA for
multiple comparisons; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, P > 0.05.

of tumor tissue lysates by Western blot analysis showed a drastic decrease in
the expression levels of phosphorylated (p)AKT (Ser473) and phosphorylated
(p)P70S6K (T421/S424) in mice treated with Uro A (Fig. 1E). These findings
were corroborated by IHC image analysis, which demonstrated a significant
decrease in pAKT and pP70S6K expression within the pancreatic tumor ductal
compartment of PKT mice treated with Uro A (Fig. 1F).

The dense desmoplastic stroma is a key characteristic of PDAC tumors, which
plays a critical role in conferring resistance to therapy and creating an im-
munosuppressive environment within the TME (23). To assess the impact of
Uro A treatment on PDAC stromal modulation within the TME of PDAC,
we used common markers of tissue fibrosis to stain PKT tumor sections from
both treatment groups. Our findings indicate that Uro A treatment resulted
in a significant decrease in levels of intratumoral collagen I and trichrome
staining compared with the vehicle treatment (Fig. 1G). Given the profound
antifibrotic changes with Uro A, we next investigated the effect of Uro A on al-
tering the immunomodulatory profile of secreted cytokines within the TME, as
these soluble growth factors are known to have a profound influence on stromal
activation and the immune composition of PDAC tumors. We performed cy-
tokine array profiling in pancreatic tumor lysates obtained fromvehicle andUro
A-treated PKT mice which demonstrated a significant reduction in proinflam-
matory/immunosuppressive factors includingGMCSF, CXCL-1, IL1α, IL1β, and
TNFα along with increased expression of IL12, (immunomodulatory cytokine
responsible for promoting type 1 immunity) with Uro A treatment (Fig. 1H;
Supplementary Fig. S4C). Taken together, our results demonstrate that Uro A
treatment is a well-tolerated therapy that effectively reduces primary tumor
growth, inhibits PI3K/AKT/mTOR signaling, suppresses intratumoral fibrosis
and curtails inflammatory cytokine production in an aggressive mouse model
of PDAC.

Treatment with PI3Ki Omipalisib Recapitulates the
Antitumor and Immunomodulatory Benefits of Uro A
in PDAC
We then aimed to investigate whether pharmacologic inhibition of PI3K/AKT
signaling node using clinically validated drug also recapitulates the antitumor
and immunomodulatory benefits of Uro A or not, we next examined the ef-
fects of Omipalisib (PI3Ki, GSK2126458), a clinically approved potent inhibitor
of PI3K/mTOR signaling pathway, on tumor growth and immunomodulation
in vivo. PKT mice starting at 4.5 weeks of age were treated with vehicle or
Omipalisib (PI3Ki, 0.3 mg/kg/daily) for 2 weeks, before sacrifice, and pan-
creatic tumors were harvested for downstream analysis (Fig. 2A). Like our
findings observed with Uro A, Omipalisib-treated PKT mice exhibited a sig-
nificant reduction in PDAC tumor burden compared with vehicle-treated mice
(Fig. 2B). H&E-based histologic assessment of pancreatic tumor sections with
PI3Ki revealed a substantial presence of pancreatic acinar cells. In contrast, in
the age-matched vehicle-treated PKT mice, the pancreata were completely re-
placed by 6.5 to 7 weeks (Fig. 2C). In addition, consistent with our intratumoral
profile of immunomodulatory cytokines observed with Uro A treatment, PKT

tumors treated with PI3Ki significantly attenuated immunosuppressive solu-
ble factors, including IL1β, IL1α, TNFα, CXCL-1, and SDF-1 as compared with
vehicle (Fig. 2D; Supplementary Fig. S5A).

We observed similar result in vitro, where treatment of KPC cells with
increasing doses of either PI3Ki (0.5–10 mmol/L), Uro A (5–75 mmol/L)
demonstrated decreased phosphorylation of pAKT with PI3Ki and Uro A,
respectively (Fig. 2E and F) and downregulated expression of inflammatory cy-
tokines/chemokines, including (IL10,MCP-5, SDF-1, andCXCL-1) as compared
with control (Supplementary Fig. S5B). Furthermore, on comparing the qPCR-
based gene expression profile of immunomodulatory genes altered by both Uro
A (25mmol/L)- and PI3Ki (1mmol/L)-treated cells, our analysis showed down-
regulation of innate immunosuppressive transcripts, including MIP-1β, IL10
along with increased expression of T-cell chemoattractants including CXCL-9
and CXCL-10 compared with vehicle (Fig. 2G). Overall, these findings suggest
that inhibition of PI3K/AKT signaling either using Uro A or pharmacologic in-
hibitor provides antitumor benefits and alters the immunomodulatory profile
of secreted factors in PDAC.

Uro A Treatment Reduces Immunosuppressive M2-like
Macrophages, Facilitates Intratumoral T-cell Infiltration
and Controls PDAC Growth in a T Cell–dependent Manner
Next, we investigated the effects of Uro A treatment on the immune microen-
vironment of PDAC tumors in vivo. We conducted flow cytometric analysis
of PKT tumors and found a decrease in the frequency of total macrophages
(Fig. 3A), along with a significant reduction in the immunosuppressive M2-
like macrophage population (Fig. 3B) after treatment with Uro A. Interestingly,
macrophages from Uro A-treated tumors demonstrated an increased expres-
sion of the antigen-presenting molecule, MHC class II, when compared with
macrophages from vehicle-treated tumors (Fig. 3C). This innate immune re-
modeling within the macrophage subsets after Uro A treatment was associated
with a significant increase in the frequency of total T cells (Fig. 3D), including
both CD4+ (Fig. 3E) and CD8+ (Fig. 3F) T-cell populations. In addition, we
observed a significant increase in the CD8/regulatory T cell (Treg) ratio in tu-
mors from PKT mice treated with Uro A (Fig. 3G). Intriguingly, upon further
investigation of the T-cell populations by flow cytometric analysis, we found
a significant increase in the proportion of naïve (CD62L+CD44−) and cen-
tral memory (CD62L+CD44+) cells within the CD4+ (Fig. 3H) and CD8+

(Fig. 3I) T-cell compartments, along with a modest decrease in the effector
memory CD8+ T cells in the tumors of Uro A-treated mice compared with
vehicle-treated controls. Notably, memory T cells, including central memory T
cells, have been previously established to possess superior persistence and an-
titumor immunity compared with effector memory T cells (24). Therefore, the
profound antitumor benefits observed with Uro A could be associated with the
expansion of these immune subsets within the TME of PDAC.

After observing significant immunologic changes within the T-cell com-
partment, we investigated whether the observed antitumor effects of Uro A
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FIGURE 2 Treatment with PI3Ki (Omipalisib) recapitulates antitumor and immunomodulatory benefits of Uro A in PDAC. A, Schematic of PI3Ki
(Omipalisib) treatment in PKT mice. B, Pancreas weight analysis of PI3Ki- or vehicle-treated PKT mice, n = 3–4 mice/group. C, Representative
H&E-stained tumor sections in PI3Ki-treated mice and vehicle-treated mice. D, Cytokine array profiling of pancreatic tumor tissues harvested from PKT
mice treated with PI3Ki or vehicle. Western blot analysis demonstrating decreased phosphorylation of AKT (band marked by red arrow) in murine KPC
PDAC tumor cell line upon PI3Ki (0–10 μmol/L; E) and Uro A (0–75 μmol/L; F) treatment for 3 hours. G, Representative heat map showing fold change
of immunomodulatory gene transcripts (qPCR analysis) associated with PI3Ki (1 μmol/L) or Uro A (25 μmol/L) treatment in KPC PDAC tumor cells for
3 hours. Individual datapoints with mean ± SEM are shown and compared by two-tailed unpaired t test; *, P < 0.05.

treatment were T-cell dependent. To test this, we depleted T cells using anti-
CD4 and anti-CD8 antibodies (200 mg/mouse) in 4.5 weeks old PKT mice
treated with vehicle or Uro A, and pancreatic tumors were harvested for end-
point analysis (after 3 weeks), or the treatment was continued until mice were
moribund (Fig. 3J). The PKT mice with intact T-cell populations treated with
Uro A displayed a significant reduction in tumor weight compared with those
treated with vehicle. In contrast, T cell–depleted mice treated with Uro A did
not show any significant reduction in tumor weight compared with vehicle,

demonstrating the effects of Uro A are dependent on T-cell function (Fig. 3K).
Furthermore, we also observed that T-cell depletion in Uro A-treated mice re-
sulted in a drastic reduction in overall survival with higher tumor burden as
compared with Uro A-treated PKT mice with intact T-cell populations (P =
0.0024, log-rank; Fig. 3L). These results suggest that Uro A treatment increases
the frequencies of CD4+ andCD8+ T cells withmemory-like phenotypewithin
the TME and that the associated antitumor benefits of Uro A treatment are
T-cell dependent in PKT mice.
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FIGURE 3 Uro A treatment reduces immunosuppressive TAM populations, facilitates intratumoral T-cell infiltration and controls PDAC growth in a T
cell–dependent manner. Single-cell suspensions of pancreatic tumors obtained from PKT mice treated with vehicle or Uro A were subjected to
immunophenotyping analysis. Flow cytometric analysis demonstrating significant reduction in the percentage (%) of TAMs (CD11b+ F4/80+; A), and
M2-like (F4/80+Arg1+CD206+; B) macrophages with Uro A as compared with vehicle mice. C, Comparison of mean fluorescence intensity (MFI) of
MHCII expression on CD11b+ F4/80+ macrophages between vehicle- and Uro A-treated mice with representative MHCII histogram (right). Flow
cytometric assessment of the tumor-infiltrating adaptive immune compartment depicting frequency of total T cells (CD45+ TCRβ+; D), CD4+ T cells
(CD45+ TCRβ+ CD4+; E), CD8+ T cells (CD45+ TCRβ+ CD8+; F), CD8/Treg ratio (G), and frequency of naïve (CD62L+ CD44−), central memory
(CD62L+ CD44+), and effector memory (CD62L− CD44+) in CD4+ (H) and CD8+ (I) T cells in mice treated with vehicle or Uro A. J, Schematic
representation of PKT GEMM treated with vehicle, Uro A, or Uro A following T-cell depletion with anti-CD4 and anti-CD8 antibodies. K, Pancreas weight
comparison among vehicle- and Uro A-treated mice with or without T-cell depletion. L, Kaplan–Meier plot and log-rank test analysis showing impaired
antitumor efficacy of Uro A treatment in PKT mice subjected to T-cell depletion compared with non–T cell–depleted Uro A- and vehicle-treated mice.
Individual datapoints with mean ± SEM are shown and compared by two-tailed unpaired t test. *, P < 0.05; **, P < 0.01; ****, P < 0.0001; ns, P > 0.05.
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FIGURE 4 PD-1/PD-L1 expression in the PDAC TME with Uro A treatment. A, Immunofluorescence-based histologic analysis depicting
PD-L1–positive cells within pancreatic tumor sections harvested from vehicle or Uro A-treated PKT mice. Mean of positive cells per field of view within
the tumor area for each mouse is shown in adjacent plot, n = 4 mice per group. B, Western blot analysis demonstrating PD-L1 protein expression in
whole pancreatic tumor lysates from vehicle- or Uro A-treated PKT mice. C, Flow cytometric analysis of PD-L1 expression in the macrophage
population with representative PD-L1 histogram overlay of vehicle- and Uro A-treated PKT mice (right). Flow cytometric analysis of PD-1 expression on
CD4+ T cells (D) and CD8+ T cells (E) with representative PD-1 histogram overlay of vehicle- and Uro A-treated groups (right) of pancreatic tumors
from PKT mice. Individual datapoints with mean ± SEM are shown and compared by two-tailed unpaired t test. *, P < 0.05; ***, P < 0.001; ns, P > 0.05;
MFI, mean fluorescence intensity.

Uro A Treatment has Opposite Effect on PD-1 and PD-L1
Expression within Intratumoral T Cells and Macrophages
The efficacy of immunotherapy depends significantly on the infiltration of cyto-
toxic T cells and the presence of the PD-1/PD-L1 signaling axis within the TME
(25, 26). Therefore, we next aimed to determine changes in the expression of
the PD1/PD-L1 axis within the TME produced by Uro A treatment to assess
the potential efficacy of combinatorial PD-1 blockade with Uro A treatment.
Immunofluorescence staining of PKT tumor sections (Fig. 4A), and Western
blot analysis of whole tumor lysates (Fig. 4B) showed no difference in PD-
L1 expression, between vehicle and Uro A-treated groups. Similar results were
also obtained when we compared PD-L1 expression on KPC PDAC cells (in
vitro) treated with Uro A or PI3Ki (Supplementary Fig. S6A and S6B). In con-
trast, using flow cytometry analysis, we observed increased expression of PD-L1
on intratumoral macrophages from Uro A-treated PKT mice (Fig. 4C). Inter-
estingly, evaluation of the T-cell compartment by flow cytometry revealed a
significant decrease in PD-1 expression within both CD4+ (Fig. 4D) and CD8+

(Fig. 4E) T cells, consistent with the increase in naïve/memory phenotype we
observed followingUroA treatment (Fig. 3). Despite the reduction in PD-1MFI
on T cells, we still observed a substantial proportion of T cells (mostly CD4+

cells) expressed this receptor within the PDAC TME (Fig. 4D and E, right),
thereby providing a strong rationale to evaluate the therapeutic synergy of Uro
A in combination with aPD-1 immunotherapy.

Uro A Treatment Combined with aPD-1 Blockade
Significantly Improves Overall Survival in PKT Mice and
is Associated with Increased Intratumoral Infiltration of
Effector CD4+ Th 1 Cells
On the basis of the favorable immunologic changes seen in both the innate and
adaptive immune subsets with Uro A treatment, we then sought to investigate
whether combining Uro A with PD-1 blockade therapy would lead to synergis-
tic improvement in overall survival. To test this hypothesis, PKT GEMM (n =
6–8/arm) were treated with either vehicle, aPD-1 antibody (200 μg/mouse),
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Uro A (20 mg/kg/daily), or Uro A in combination with anti-PD1 antibody (Uro
A+aPD-1) until moribund (Fig. 5A).

Consistent with the lack of response to aPD-1 monotherapy in PDAC (19), we
observedminimal survival benefitwith aPD1 antibody alone comparedwith ve-
hicle treatment [P = 0.206, log-rank, median survival (MS) = 59 vs. 52 days].
The addition of PD-1 blockade to Uro A treatment exhibited the most pro-
found improvement in overall survival compared with aPD-1 monotherapy
(P < 0.0001, MS = 113 vs. 59 days), or Uro A alone (P = 0.0002, log-rank,
MS = 113 vs. 77 days; Fig. 5B). Importantly, PKT mice exhibited minimal
body weight reduction with Uro A+aPD-1 therapy when compared with Uro
A alone (Supplementary Fig. S7), indicating that combined treatment is well
tolerated with minimal toxicity in this preclinical model of PDAC. Analysis
of the histologic architecture in H&E-stained pancreatic tumor sections re-
vealed a near 100% tumor penetrance in vehicle-treated PKT mice or aPD-1
monotherapy group with substantial presence of late PanINs, tumor cells, and
dense stromal architecture. Notably, Uro A treatment alone or in combination
with aPD-1 therapy, depicted a higher presence of normal acinar cells (high-
lighted in green), Acinar to ductal metaplasia (ADMs), and early PanIN lesions,
compared with other treatment cohorts (Fig. 5C and D).

Given the remarkable role of Uro A in providing protective antitumor
immunity and its profound survival benefits in combination with aPD-1 im-
munotherapy, we aimed to investigate whether Uro A+aPD-1 treatment leads
to any additional changes in the phenotype of the adaptive immune CD4+

and CD8+ T-cell compartments. We performed flow cytometric analysis on
PKT tumors treated for 3 weeks with Uro A+aPD-1 and observed a signifi-
cant reduction in naïve (CD62L+ CD44−) CD4+ and CD8+ T cells along with
a concomitant increase in effector memory (CD62L− CD44+) CD8+ T cells
when compared with Uro Amonotherapy (Fig. 5E and F). On the basis of these
results, we further examined CD8+, as well as CD4+ effector memory cell sub-
sets and noted reduced expression of PD-1 on these immune cells with the Uro
A+aPD-1 therapy as compared with vehicle or Uro A treatment alone (Fig. 5G
and H).

Upon T-cell receptor activation, naïve CD4 T cells can differentiate into dis-
tinct Th lineages with protumoral or antitumoral activity and actively shape
tumor immunity (27). In PKT mice, flow cytometric analysis of tumor-
infiltrating effector memory CD4+ T cells using lineage-specific markers
revealed no significant difference in the frequency of immunosuppressive Treg
(CD4+CD62L−CD44+Foxp3high) population among the treatment cohorts
(Fig. 5I). However, we observed a significant increase in the frequency of an-
titumor effector memory Th1 cells (CD4+CD62L−CD44+Tbet+) within the
TMEof PKTmice treatedwithUroA+aPD-1 therapy comparedwith vehicle or
Uro A treatment alone (Fig. 5J). Taken together, these results demonstrate that
combining Uro A with aPD1 improves survival and promotes the expansion of
CD4+ Th1 immune subsets within the TME of PDAC.

Discussion
Pancreatic cancer has remained a major therapeutic challenge due to their pro-
found stromal desmoplasia and uniquely immunosuppressive TME (23, 28).
Previously, we have shown that UroA, a natural gutmicrobial metabolite which
is also involved in enhancement of gut barrier integrity can downregulate the
oncogenic PI3K/AKT/mTOR signaling pathway, induce cell-cycle arrest, and
increase apoptosis in cancer cells (10). In the current study, we demonstrate that

Uro A suppresses intratumoral fibrosis and attenuates immunosuppression by
impacting the infiltration of TAMs and invigorating a T cell–dependent antitu-
mor response in PKT GEMM of PDAC. Furthermore, our results support Uro
A in combination with ICB as a potential treatment strategy in PDAC, where
therapeutic options remain limited (Fig. 6). Several dietary and naturally oc-
curring polyphenols have been tested as adjuvant therapies due to their potent
antioxidant and anti-inflammatory properties that enhance gut barrier func-
tions (29–31). Numerous studies have established the protective effects of Uro
A in suppressing fibroinflammatory responses by influencing different cellu-
lar signaling pathways (32, 33). Our data show that Uro A effectively targets
the PI3K/AKT/mTOR signaling pathway leading to a significant reduction in
intratumoral fibrosis and a decrease in proinflammatory/immunosuppressive
cytokines in the TME.

Immunosuppressive TAMs promote T-cell exclusion within the TME, foster-
ing a major resistance mechanism to the effectiveness of immunotherapy in
PDAC (23). TAMs skewed toward an M2-like phenotype not only secrete cy-
tokines such as IL10 and TGFβ that suppresses the activity of intratumoral T
cells, but also promote the formation of a dense extracellular matrix around
the tumor, which act as a physical barrier preventing effector T cells and ther-
apeutic compounds from penetrating the tumor (34). Our data in PKT tumors
show that Uro A treatment is associated with a reduced population of M2-like
macrophages and a concurrent increase in the infiltration of CD4+ and CD8+

T cells. Notably, the antitumor benefits of Uro A were completely abolished
when T-cell populations were depleted using anti-CD4 and anti-CD8 antibod-
ies, indicating the crucial role of T cells in coordinating the antitumor functions
of Uro A. Several studies have demonstrated that both CD4+ and CD8+ T
cells can promote antitumor immunity by directly killing tumor cells or indi-
rectly activating innate immune cells to mount a robust antitumor response
(35). However, the precise role of Uro A on specific T-cell subsets and their in-
teraction with the other diverse immune constituents of the PDAC TME are
mainly unknown and merit further investigation.

Phenotypic characterization of intratumoral CD4 and CD8 T cells using
the classical markers, CD44 and CD62L, demonstrated that Uro A treat-
ment promotes the infiltration of T cells with naïve and central memory
phenotype. Studies have shown that memory T cells, including central mem-
ory T cells, possess superior antitumor efficacy and long-lasting persistence
compared with effector T cells (24). Notably, a recent study by Denk and
colleagues, has reported a direct impact of Uro A on the expansion of
CD8+CD44lowCD62LhighSca1high T stem cell memory phenotype with en-
hanced antitumor function in colon cancer (36). Contrary to our findings,Denk
and colleagues reported no significant changes in the CD4+ T-cell compart-
ment after Uro A treatment, indicating that the immunomodulatory effects of
Uro A could vary among different types of solid tumors. Also noteworthy is
that stem cell memory T cells represent a subset of minimally differentiated T
cells, which share the phenotype CD44low/neg CD62Lhigh with naïve and central
memory T cells, therefore, in-depth functional analysis to further delineating
the role of each of these adaptive immune subsets with Uro A would be worthy
to pursue in PDAC.

Recent developments in the field have highlighted that the response to ICB is
a complex process, which can be characterized by the heterogeneity of CD8+

T cells, based on their expression levels of PD-1. Studies have now established
that CD8+ T cells exhibitingmemory-like features, and expressing low levels of
PD-1, are the most effective responders to ICB, leading to the development of
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FIGURE 5 Addition of αPD-1 blockade to Uro A treatment further decreases PDAC tumor burden and improves overall survival in PKT mice. A,
Schematic representation of PKT mice treated with vehicle, Uro A, or Uro A in combination with aPD-1. B, Kaplan–Meier plot and log-rank test analysis
showing superior survival of PKT mice treated with Uro A in combination with aPD-1 when compared with all other groups. C, Representative
H&E-stained tumor sections after 3 weeks of drug treatment depicting significant presence of normal pancreatic architecture (highlighted in green) in
PKT mice treated with combination therapy of Uro A and αPD-1 as compared with other treatment cohorts (scale bar = 50 μm). D, Percentage of
tumor area (brown bar) relative to the normal pancreas (green bar) quantified within the whole pancreas, by capturing multiple fields of view in lower
magnification. E–J, Flow cytometric assessment of the tumor-infiltrating adaptive immune compartment in mice treated with vehicle, Uro A (same mice
cohort used in previous figures) or Uro A+aPD-1 depicting frequency of CD4+ (E) and CD8+ (F) T cells naïve, central memory, and effector memory
populations. PD-1 MFI expression in CD8+ T cells (G) and PD-1 MFI expression in CD4+ T cells (H). Flow cytometric analysis of tumor-infiltrating
effector memory CD4+ T cells showing frequency of Tregs (I), and Th1 (J) cells in mice treated with vehicle, Uro A or Uro A+aPD-1. Individual
datapoints with mean ± SEM are shown and compared by one-way ANOVA test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, P > 0.05.
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FIGURE 6 Uro A remodels stromal immune microenvironment and improves overall survival with aPD-1 therapy. A, Presence of dense desmoplastic
stroma, hyperactivation of PI3K/AKT/mTOR signaling, and T cell excluded immunosuppressive TME in an aggressive PKT GEMM of PDAC. B, Treatment
with Uro A led to significant attenuation of primary tumor burden, inhibition of PI3K/AKT/mTOR pathway, reduction of stromal fibrotic composition,
and enhanced T-cell infiltration. C, Uro A sensitizes PKT PDAC tumors to aPD-1 immunotherapy, promoting the expansion of effector CD4+ Th1 subsets
and substantially improving survival outcomes. [Image created with BioRender license agreement number JU25GQ83NM]

terminally differentiated cells (37). Upon evaluation of the exhaustion marker
PD-1 in intratumoral cells of PKTmice,UroA treatment resulted in a significant
reduction of PD-1 expression in both CD8+ and CD4+ when compared with
vehicle controls. This characteristic may in part explain why we observed such
a profound effect on the survival of PKTmice treated with aPD-1 antibody with
Uro A.

Several studies have highlighted the significance of PD-L1 expression on
antigen-presenting cells in regulating the immune response (38, 39). Recently,
Liu and colleagues has established a correlation between elevated levels of PD-
L1 expression on macrophages and improved overall survival rates among a
cohort of patients with lung cancer undergoing PD-1 therapy (40). Notably,
our analysis of tumors treated with Uro A showed significantly higher levels
of PD-L1 expression on macrophages compared with those treated with the ve-
hicle. This finding suggests an additional explanation for the observed synergy
between Uro A and aPD-1 therapy in the study.

In addition, a previous study showed that combination therapy with ICB
improves the survival of murine PDACmodels by enhancing Th1- and CD8+-
mediated immune responses (41). Consistent with these findings, our results
show that the addition of aPD-1 to Uro A treatment significantly improves
survival in a highly aggressive GEMM of PDAC and is accompanied by the
expansion of CD4+ Th1 and CD8+ effector T cells with reduced expression
of PD-1. The cellular mechanisms by which Uro A results in this observed
phenotype should thus be explored in future studies, as this could uncover ad-
ditional therapeutic vulnerabilities that could enhance the function of Uro A as
an immune adjuvant.

In conclusion, we demonstrate that Uro A effectively reduces primary tumor
burden in a T cell–dependent manner, attenuates immunosuppressive M2-like
TAMs, and significantly increases the infiltration of CD4+ and CD8+ T cells
with a memory-like phenotype in the PDAC TME. Furthermore, our research

highlights that combining Uro A and aPD-1 therapy leads to a robust antitu-
mor response, significantly improves survival and promotes the expansion of
effector CD4+ Th1 cells in the preclinical mouse model of PDAC. Because im-
munotherapeutic drugs have had limited success in improving outcomes for
patients with PDAC, our work provides valuable preclinical data for the poten-
tial clinical translation of Uro A as an adjunct therapy to enhance the sensitivity
of ICB in patients with PDAC.
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