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Identifying the therapeutic
potential of niclosamide in
overcoming IFN-gamma
dependent cancer immune
evasion in the tumor
microenvironment
Yue Zhang and En Cai*
Department of Biological Sciences, Carnegie Mellon University, Pittsburgh, PA, United States
Introduction: Tumor cells frequently develop immune resistance through
interferon-g (IFN-g)– induced PD-L1 expression, acquisition of cancer stem cell
(CSC)– like features, and adaptation to hypoxia within the tumor microenvironment
(TME). Although IFN-g activates both STAT1 and STAT3, how these pathways
interact to regulate immune evasion under hypoxia remains unclear.
Methods: Using the MC38 murine colorectal cancer model and T cell– tumor
spheroid co-culture assays, we examined how IFN-g signaling through STAT1 and
STAT3 regulates PD-L1 expression, CSC plasticity, and cytotoxic T cell function
under normoxic and hypoxic conditions. Pharmacologic inhibitors and siRNA-
mediated knockdown were used to dissect pathway function. Niclosamide, an
FDA-approved anthelmintic, was evaluated as a dual STAT1/STAT3 inhibitor.
Results: IFN-g primarily induced PD-L1 expression through STAT1 activation,
whereas CSC plasticity was associated with STAT3 signaling. STAT1 and STAT3
displayed reciprocal regulation, whereby inhibition of one enhanced activation of
the other. Niclosamide effectively inhibited phosphorylation of both STAT1 and
STAT3, resulting in suppressed PD-L1 upregulation, reduced CSC enrichment,
and partial inhibition of hypoxia-induced HIF-1a expression. In co-culture assays,
Niclosamide enhanced T cell in�ltration, reduced exhaustion under hypoxic
conditions, and improved T cell– mediated tumor killing.
Discussion: These �ndings identify Niclosamide as a potent dual STAT1/STAT3
inhibitor capable of reversing IFN-g– and hypoxia-driven immune evasion.
Repurposing Niclosamide may represent a promising strategy to enhance the
ef�cacy of immune checkpoint blockade in solid tumors.

KEYWORDS

cancer immunotherapy, cancer stem cells, IFN-g, immune evasion, niclosamide, PD-L1,
STAT1, STAT3
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761715/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761715/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761715/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761715/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761715/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761715/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2026.1761715&domain=pdf&date_stamp=2026-03-16
mailto:encai@andrew.cmu.edu
https://doi.org/10.3389/fimmu.2026.1761715
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2026.1761715
https://www.frontiersin.org/journals/immunology


Zhang and Cai 10.3389/fimmu.2026.1761715
Introduction

Over the past decade, cancer immunotherapy, which aims to
restore immune function within the tumor microenvironment
(TME), has achieved remarkable success in cancer treatment
(1, 2). Therapies like immune checkpoint blockade (ICB) have
demonstrated durable responses in some patients with advanced
malignancies. Nevertheless, only a subset of patients (around 30%)
with certain solid tumors bene�ts from ICBs, while most
patients exhibit minimal response to these treatments (3–5).
Understanding the mechanisms of immune evasion and
identifying new therapeutic targets remain critical for improving
treatment outcomes.

Tumor cells employ multiple strategies to escape immune
surveillance. One major mechanism is programmed cell death
ligand 1 (PD-L1) upregulation, which inhibits cytotoxic T cell
(CTL) function (6, 7). Another mechanism is the development of
cancer stem cell (CSC)–like properties, which confer resistance to
therapy and drive recurrence (8, 9). In addition, hypoxia is a
hallmark of the TME that profoundly reshapes cellular
metabolism, promotes PD-L1 expression via hypoxia-inducible
factors (HIFs), and suppresses CTL and NK cell functions (10).

During immune responses, T cells release type II interferon
(IFN-g), which is a glycosylated protein that facilitates tumor
rejection by modulating systemic anti-tumor immunity (11, 12).
However, studies reveal a dichotomous nature of IFN-g: while it
enhances immune functions, it also helps cancer cells evade
immune attacks. Speci�cally, IFN-g stimulation has been shown
to increase cytoplasmic expression of PD-L1 (13, 14) and elevate
cancer cell stemness (15, 16). Both the PD-1/PD-L1 axis and CSCs
play crucial roles in enabling tumor cells to escape anti-tumor
immunity across various cancers (17–19). IFN-g activates
downstream Janus kinase/signal transducer and activator of
transcription (JAK/STAT) signaling, primarily STAT1 and
STAT3, which regulate overlapping gene networks involved in
immune evasion (20–22). Therefore, there is an urgent need for
therapeutic strategies that inhibit IFN-g’s effects on cancer immune
evasion while preserving its role in facilitating CTL and natural
killer (NK) cells in eliminating tumors.

Here, we examined the �ne-tuning of the IFN/JAK/STAT
pathway under normoxic and hypoxic condition, and identi�ed
the speci�c STAT pathway that drive PD-L1 upregulation and CSC
transformation, respectively. Using a mouse colon cancer model,
our study reveals a reciprocal relationship between STAT1 and
STAT3 activities in cancer cells (MC38). Speci�cally, inhibition of
STAT1 signaling leads to a signi�cant enhancement in STAT3
activation, and conversely, blocking STAT3 activity results in
increased STAT1 signaling. Both transcription factors, STAT1
Abbreviations:PD-L1, Programmed Cell Death 1 Ligand 1; CSCs, Cancer Stem

Cells; IFN-g, Interferon-gamma; STAT1, Signal Transducer Activator of

Transcription 1; STAT3, Signal Transducer Activator of Transcription 3; JAK,

Janus kinase; TME, Tumor Micro-Environment; ICB, Immune Checkpoint

Blockade; CTL, Cytotoxic T cells; PD1, Programmed Cell Death 1; HIFs,

Hypoxia-inducible Factors; NK, Natural Killer Cells; TAMs, Tumor-associated

Macrophages; TILs, Tumor In�ltrated Lymphocytes.
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and STAT3, regulate overlapping sets of target genes, many of
which play crucial roles in immune evasion mechanisms. This
dynamic interplay suggests that the balance between STAT1 and
STAT3 could be a critical factor in shaping the immune
microenvironment within tumors, potentially in�uencing cancer
progression and resistance to immune-mediated therapies.
Furthermore, in evaluating pharmacological methods to block
STAT1/STAT3 activities, we identi�ed an anthelmintic drug,
Niclosamide, which inhibits the activity of both STAT1 and
STAT3, and partially blocks the upregulation of hypoxia-
inducible factor 1a (HIF-1a) protein induced by hypoxia. The
co-culture study of primary murine T cells and 3D tumor spheroids
model further con�rmed that Niclosamide could enhance T cell
in�ltration and reduce T cell exhaustion under a hypoxic TME.
Together, our study reveals Niclosamide as a promising candidate
for repurposing in cancer immunotherapy to overcome IFN-g and
hypoxia-induced immune evasion.
Methods

Cell culture and compounds

MC38 and MC38-OVA cell lines were gifts from Robert Eil lab
at OHSU. Both MC38 and MC38-OVA cell line were maintained in
DMEM Medium (Gibco, Gaithersburg, MD, USA), supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Primary OT1 mouse T cells were prepared from lymph nodes and
spleens of OT-I TCR transgenic mice (6–10 weeks old), and were
maintained in RPMI-1640 Medium (Gibco, Gaithersburg, MD,
USA), supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin and 50 mM b-mercaptoethanol (complete
RPMI). Splenocytes were incubated in complete RPMI with 100 ng/
mL SIINFEKL peptide for 30 minutes at 37 °C and then washed
three times. Lymphocytes and splenocytes were then mixed at 1:1
ratio at 2 million cells/mL in complete RPMI and maintained at 37 °
C 2% CO2. Interleukin-2 (HIL2-RO, Roche) were added to the cell
culture on day 2 at a �nal concentration of 10 U/mL. Cells were
replenished with fresh media and IL-2 every 2 days and used from
day 4 to day 7. Mouse IFN gamma Recombinant Protein were
purchased from MilliporeSigma (Sigma-Aldrich, USA). STAT1
inhibitor Fludarabine (F-ara-A, NSC 118218) (MedChemExpress,
Cat. No.: HY-B0069) and STAT3 inhibitor Niclosamide (BAY2353,
MedChemExpress, Cat. No.: HY-B0497) were purchased from
MedChemExpress (Monmouth Junction, NJ, USA).

For cell cultured under hypoxic conditions, cells were
maintained in the Heracell™ VIOS 160i Tri-Gas CO2 Incubator
from Thermo Fisher Scienti�c (Waltham, MA), and nitrogen gas
were connected to the incubator to make the oxygen concentration
down to 1.5% inside the chamber. For normoxia condition, the
oxygen concentration is 20%, as detected by oxygen sensor.

Animals

C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-1) mice (6–8 weeks of
age, both sexes) were purchased from the Jackson Laboratory. Mice
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were housed under speci�c pathogen–free conditions with
controlled temperature, humidity, and a 12-h light/dark cycle,
with food and water provided ad libitum.

Euthanasia and tissue collection

Mice were euthanized using CO2 inhalation (gradual-�ll
method) followed by cervical dislocation to ensure death, in
accordance with AVMA guidelines. After euthanasia, peripheral
lymph nodes were aseptically harvested for downstream T-
cell isolation.

All animal-related studies have adhered to
the ARRIVE guidelines

Primary CD8+ T-cell Isolation

Single-cell suspensions were prepared from harvested lymph
nodes by mechanical dissociation through a 70-µm cell strainer.
Red blood cells were removed using ACK lysing buffer when
necessary. CD8+ T cells were isolated using a negative-selection
magnetic bead kit (stem cell), according to the manufacturer’s
protocol. Puri�ed primary CD8+ T cells were used immediately
for co-culture experiments with tumor spheres.

Formation of co-culture tumor spheroids

MC38OVA (or MC38) tumor spheroids were generated by
seeding 1x104 cells per well on Costar ultra-low attachment
(Corning) round bottom 96 wells plates in the 3D Tumorsphere
Medium XF (PromoCell). 7 days later, 1x105 total or CD8 sorted
mouse primary T cells were labeled with ViaFluor® 650 SE Cell
Proliferation Dye, then added with the spheroids to perform co-
culture. Spheroids were gently resuspended and left to sediment to
the bottom of the Eppendorf tube. These steps were repeated 2
times with PBS in order to wash the spheroids from the non-
in�ltrating immune cells. Spheroids were then break down
mechanically to obtain a single cell suspension for further
analyzed by �ow cytometry.

IFN-g, � udarabine and niclosamide treatment

5ng/ml IFN-g treatment for 24 hours were used for most of our
experiments, except the experiments with IFN-g dose and time
comparison (Figures 1K; Supplementary Figure 1). 5 µM of
Fludarabine and 0.5 µM niclosamide treatment were used for the
experiments shown in Figures 2–4, these doses were selected based
on prior studies demonstrating effective STAT inhibition without
overt cytotoxicity.

Quantitative real-time PCR

Total RNAs were isolated from cell lysate or mouse tissue with
TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA).
The expression levels of multiple mRNAs were detected by
quantitative real-time PCR using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scienti�c, Waltham,
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MA, US) and the LightCycler® 480 System (Roche, Indianapolis,
IN, USA). Primers used for Quantitative RT-PCR were shown in
Supplementary Table 1.

Western blot

Total proteins were extracted from cultured cells with radio-
immunoprecipitation assay (RIPA) buffer (Thermo Fisher
Scienti�c, Waltham, MA, USA) plus fresh protease and
phosphatase inhibitors (Roche, Indianapolis, IN, USA). Proteins
(10-20mg) were loaded to each lane and separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis. Proteins were
then transferred to a 0.45 µm pore size PDVF membrane (Bio-Rad,
Hercules, CA, US), followed by immunodetection of target proteins
using speci�c antibodies with chemiluminescent detection. The
developed �lms were quanti�ed with FIJI (ImageJ) software,
relative protein abundance was normalized to GAPDH, beta
Actin or Histone H3, and then normalized to the �rst lane
(control group), calculated as fold of control. The antibodies used
in Western blot were listed in Supplementary Table 2.

Flow study

Cell suspensions of MC38 or primary T cells were incubated
with the different combinations of antibodies (for MC38: PD-L1,
CD133, CD44, B7H4, For T cells: CD45, CD8, PD1, Tim3) on ice
for 30 minutes. Then the samples were washed and �xed after cell
surface staining according to the manufacturer’s description in
�xative buffer(eBioscience). All antibodies were purchased from
BD Biosciences and �ow data were collected on a BD Accuri C6
Plus Flow Cytometer (BD Biosciences). The antibodies used in �ow
study were also listed in Supplementary Table 2.

The data were analyzed using the FlowJo software (Tree
Star Inc.).

Immuno� uorescence

For immuno�uorescence, cultured cells or tumor spheres were
rinsed with 0.1% TX-100 in PBS (PBST) three times, blocked with
1% goat serum and 2% BSA in PBS at room temperature for 1 h and
then incubated with the primary antibody conjugated with
�uorescence. Then the slides were washed 3 times with PBST,
and mounted with Fluoromount-G™ Mounting Medium
(Invitrogen™). Fluorescent images were captured with All-in-One
Fluorescence Microscope BZ-X800 (Keyence, O�saka, Japan). The
primary antibodies used in the immuno�uorescence were shown in
Supplementary Table 2.

RNA sequencing

RNA-seq of IFN-g treated MC38 cells was performed by
Innomics Inc. (One Broadway, 14th FL, MA) using DNBSEQ
Eukaryotic Strand-speci�c Transcriptome Resequencing. The
RNA-seq experiment was performed with a single biological
sample per condition: control vs IFN-g treatment, normoxia vs
hypoxia. Alignment of raw sequencing reads was performed using
Hisat2 software. The DNBSEQ package was used to �nd
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FIGURE 1

IFNg up-regulate PD-L1 expression in MC38 cells through IFN-STAT1 signaling. PD-L1 expression on MC38 cell surface was signi�cantly increased in
the presence of IFN-g analyzed by �ow cytometry (A) and by immune �uorescent staining (B-C) at 24 hours. (D) When treated with siRNA of STAT1,
the up-regulation of PD-L1 was signi�cantly reduced, while siRNA of STAT3 has an opposite effect. (E, F) The small interfering RNA reaches a
suf�cient knock down of STAT1 and STAT3, as shown by real-time PCR assay. (G-I) The mRNA of STAT1 target genes such as CXCL10 and IL-15
shown similar trend of regulation by IFN-g as PD-L1. (J) The mRNA of STAT3 target gene, MCL-1, shown totally different regulation under normal
condition and under treatment of siRNAs. (K, L) The expression of STAT1/STAT3 normal and phosphorylated proteins, and PD-L1 proteins in MC38
cell lines were measured by Western blotting with different dose of IFN-g stimulation (K) or after knocking down of STAT1 (siSTAT1) or STAT3
(siSTAT3) (L). The number on the image indicates the relative abundance of PD-L1 protein (fold of control). The results are expressed as the mean ±
SEM of triplicate measurements in each group. *p<0.05, **p<0.01, ***p<0.001.
Frontiers in Immunology frontiersin.org04
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differentially expressed genes, and differentially expressed genes
with P < 0.05 were used to perform cluster analysis and enrichment
analysis with ClusterPro�ler package in the R program.

Statistics

Data were presented as mean ± SEM. Statistical analysis was
performed with GraphPad Prism 10.0 software (GraphPad
Frontiers in Immunology 05
Software, San Diego, CA). Comparison between experimental
variables was performed using one-way or two-way ANOVA
followed by a Tukey post hoc test. Signi�cance levels were
denoted as *p <0.05, **p < 0.01, or ***p <0.001.

Study period

2023. June -2025.September.
FIGURE 2

IFN-g modulate cancer cell stemness in MC38 cells indirectly through IFN-STAT3 pathway. (A-C) Ki-67 expression in the MC38 tumor spheres was
signi�cantly reduced in the presence of IFN-g analyzed by �ow cytometry and immune �uorescence. (D, E) The tumor sphere forming unit induced
in the MC38 cells were also reduced in the presence of IFN-g (Arrowhead: tumor spheroid. Scale bar: 200mm). (F) When MC38 cells were pre-
treated with siRNA of STAT1/STAT3, the SFU show different changes. (G) When MC38 cells were pre-treated with siRNA of STAT1/STAT3, both the
CD44hiCD133- and CD44hiCD133+ cell population show different trend of regulation by IFN-g. (H-K) The mRNA of cancer stem cell markers was
measured by real-time PCR. (L) The expression of cancer stem cell marker proteins in cell nucleus was measured by Western blot. The results are
expressed as the mean ± SEM of triplicate measurements in each group. *p<0.05, **p<0.01, nd, no signi�cant difference.
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Results

IFN-g induced PD-L1 expression through
STAT1 pathway

In this study, we used the mouse colon cancer cell line MC38 as
a model to study the effects of IFN-g treatment. Consistent with
previous literature reports, we found a signi�cant increase in PD-L1
expression on MC38 cells following treatment with IFN-g, as shown
by both �ow cytometry (Figure 1A) and immuno�uorescent
staining images (Figure 1B, C). The upregulation of cell surface
PD-L1 occurred in a dose and time-dependent manner
Frontiers in Immunology 06
(Supplementary Figure 1A, B). In addition, PD-L1 upregulation
was also observed in induced MC38 tumor spheres, which exhibited
more CSC features (increased population with CD44+CD133+
expression) compared to adherent MC38 cells (Supplementary
Figure 2A, B).

To access how IFN-g treatment affect tumor cell viability, we
used a T cell–tumor cell co-culture system. We found treatment
with 5 ng/mL IFN-g enhanced the survival of MC38 cells when co-
cultured with primary mouse T cells at a 1:1 ratio. This effect was
even more pronounced in tumor spheroids, which exhibited
increased resistance to T cell-mediated killing (Supplementary
Figure 2D). Furthermore, MC38 cells pre-treated with 5 ng/mL
FIGURE 3

Niclosamide has inhibition effect on both STAT1 and STAT3, which blocks IFN-g-induced PD-L1 up-regulation in MC38 cells while also reduces CSCs
formation. (A) The expression of STAT1/STAT3 signaling pathway and PD-L1 proteins in MC38 cell lines with Fludarabine and Niclosamide treatment was
measured by Western blot. (B) The surface PDL1 expression level was measured by FACS with IFN-g and Niclosamide treatment. (C) The cell viability of
MC38 when co-cultured with T cells and pre-treated with Fludarabine (F-ara-A) or Niclosamide were measured by CCK8 assay. (D) The sphere forming
units induced in MC38 cells was measured with or without Niclosamide treatment. (E) The cell population of CD44hiCD133+ in MC38 treated with
Niclosamide was measured by FACS. (F) The expression of cancer stem cell marker proteins in cell nucleus was measured by Western blot. The results
are expressed as the mean ± SEM of triplicate measurements in each group. *p<0.05, **p<0.01, ***p<0.001.
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