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Abstract. Soft tissue sarcomas are therapeutically challenging.
Among soft tissue sarcoma subtypes, undifferentiated pleo-
morphic sarcoma (UPS) exhibits one of the most pronounced
disparities between its comparatively higher responsiveness to
immunotherapy and its limited responsiveness to conventional
cytotoxic chemotherapy. The interplay between immuno-
therapy and cytotoxic chemotherapy is still largely unknown.
Interferon-y (IFNy) is a key player in antitumor immunity and
contributes to the modulation of the tumor microenvironment,
which impacts both immune and cancer cells. The mechanism
by which this interplay can affect cancer cell chemosensitivity
and immune sensitivity is difficult to predict. The present
study aimed to investigate the interplay of IFNy signaling in
the UPS cell line JBT19. It was identified that IFNy treatment
significantly decreased the proliferation of JBT19 cells and
increased the surface expression levels of cluster of differen-
tiation (CD)44, CD47, CD95 (Fas), major histocompatibility
complex (MHC)-I and programmed death-ligand 1 (PD-L1).In
addition, IFNy strongly upregulated surface expression levels
of MHC-II and converted JBT19 cells into docetaxel-resistant
cells. The IFNy-induced changes were sustained but reversible
after 3 weeks of cell culture without IFNYy. Regardless of IFNy
treatment, JBT19 cells could elicit and amplify the adaptive
immune response in vitro. The in vitro JBT19-reactive lympho-
cytes effectively eliminated both IFNy-treated and non-treated
JBTI9 cells, thus overcoming IFNy-induced chemoresistance.
To the best of our knowledge, the present study demonstrated
a dual role of IFNy towards cancer cell chemoresistance and
immunostimulatory potential for the first time. The present
study findings may have potential implications for combining
immunotherapy with cytotoxic chemotherapy in cancer
treatment in the future.
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Introduction

Undifferentiated pleomorphic sarcoma (UPS) is an aggressive
subtype of soft tissue sarcomas, characterized by a limited
response to therapy (1). However, UPS shows higher immunoge-
nicity compared to other sarcoma subtypes, which supports the
interest in immunotherapy for this cancer (2). Immunotherapy
has changed oncological treatment in recent years, with
several patients now receiving it as a first-line therapy (3-6). A
number of these therapies, such as immune checkpoint inhibi-
tors, demonstrated notable outcomes for several patients (7).
However, for numerous patients, particularly those with solid
tumors, immunotherapy still fails and traditional therapeutic
modalities, including cytotoxic chemotherapy, need to be used
in following therapy lines (8,9). In addition, novel algorithms
of oncological treatment may combine multiple therapeutic
approaches, such as chemotherapy and immunotherapy or
radiotherapy and immunotherapy (10,11). However, despite
the progress in the field, how therapeutic combinations may
affect each other and the overall therapeutic efficacy remain
to be elucidated. One of the key effector molecules associated
with immunotherapy is interferon y (IFNy) (12). This cytokine
is primarily produced by cytotoxic lymphocytes, including
cytotoxic cluster of differentiation(CD)8* T cells, natural
killer (NK) cells and NK T cells, which serve a key role in
eliminating cancer cells (13,14). Thus, any treatment leading to
the effective removal of cancer cells by cytotoxic lymphocytes
is likely to be associated with the production of IFNy and its
collateral impact not only on immune cells (15,16) but also on
other cells in the tumor microenvironment, including cancer
cells (17-19). Due to the impact of IFNy on cancer cells, it is
difficult to determine how it can affect the efficacy of individual
therapeutic approaches or their combinations. Previous studies
have reported that IFNy signatures, patterns of genes, proteins
or cellular changes that become activated in response to this
cytokine, are frequently associated with enhanced responses to
immunotherapy, and elevated IFNy levels are typically associ-
ated with immunotherapy efficacy (20,21). Immunotherapy
may sensitize tumors to subsequent chemotherapy (22,23), yet
it may also promote resistance to chemotherapy (24,25). This
duality implies that IFNy signatures may likewise exert dual,
context-dependent roles across these therapeutic modalities.
UPS is commonly linked to increased infiltration of immune
cells (26), which often correlates with IFNy signatures (27).
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However, the specific role of IFNy in UPS and its implications
for immunotherapy and chemotherapy remain unclear. To
address this, the present study examined a recently developed,
primary tumor-derived, highly transformed, UPS cell line
termed JBT19 (28). The present study further explored the
mechanism by which prolonged exposure to IFNy influences
the sensitivity of the cell line to cytotoxic chemotherapy and
antitumor immunity.

Materials and methods

Cell lines, cell culture and IFNy-mediated phenotype remod-
eling. The JBT19 cell line, which originated from a UPS,
high-grade soft tissue sarcoma, was established from the
primary tumor of a 65-year-old male patient, whose tumor
was surgically removed before any other therapeutic interven-
tions and the cell line was subsequently developed using tumor
fragmentation-dissociation techniques (28). After 30 passages
and >30 months in cell culture, the cell line already exhibited
a high population uniformity and was subsequently character-
ized (28). In the present study, the JBT19 cell line and its green
fluorescent protein (GFP)-transfected form (JBT19-GFP)
were used after 52 passages and after >35 months in cell
culture. The prostate carcinoma cell line PC-3 was used as
an epithelial-origin-derived tumor cell line model (29). Cells
were adherently cultured (37°C; 5% CO,) in RPMI 1640-based
FBS-containing complete medium (KM+ medium). KM+
medium consisted of RPMI 1640 medium (Thermo Fisher
Scientific, Inc.) supplemented with 10% FBS (non-heat-inacti-
vated; HyClone™; Cytiva), 100 U/ml penicillin-streptomycin,
2 mM GlutaMax, 1 mM sodium pyruvate (Thermo Fisher
Scientific, Inc.) and 1 mM non-essential amino acid mix
(Thermo Fisher Scientific, Inc.) in tissue culture flasks or
plates (TPP Techno Plastic Products AG or SARSTEDT AG
& Co. KG). The cells were passaged as previously described
using trypsin/EDTA solution (Thermo Fisher Scientific,
Inc.) and KM+ medium (28). To reprogram the phenotype of
JBT19 cells, the adherent cultured JBT19 cells were supple-
mented with 200 ng/ml IFNy (PeproTech, Inc.; Thermo Fisher
Scientific, Inc.) for the indicated times. Every 2-4 days, the
cells were supplemented with fresh KM+ medium and IFNy
(200 ng/ml). To reverse the phenotype of IFNy-reprogrammed
cells, the cells were extensively rinsed (>3 times) with fresh
KM+ medium and cultured for the indicated times. The cells
were supplemented with fresh KM+ medium every 2-4 days
and/or passaged.

Phenotypic characterization. To evaluate the expression
levels of cell surface markers in JBT19 cells, the cells were
rinsed with PBS and harvested using trypsin/EDTA solution
and KM+ medium. The harvested cells were rinsed with
PBS supplemented with 2 mM EDTA (PBS/E) and stained
on ice for 30-60 min with the following fluorophore-labeled
antibodies: Anti-CD44-Phycoerythrin (PE; clone MEM-263;
cat. no. 1P-341-T100; EXBIO Praha, a.s.), anti-CD47-allophy-
cocyanin (APC; clone CC2C6; cat. no. 323124; BioLegend,
Inc.), anti-CD95 (Fas)-APC (clone DX2; cat.# 305611,
BioLegend, Inc.), anti-fibroblast activation protein (FAP)-a-PE
(clone 427819; cat.# FAB3715P-100; R&D Systems, Inc.),
anti-CD274 (PD-L1)-APC (clone MIH3; cat.# 374514,

BioLegend, Inc.), anti-human leukocyte antigen (HLA)-ABC
[major histocompatibility complex (MHC)]-(I)-PE (clone
W6/32; cat.# 311406; BioLegend, Inc.) and HLA-DP, DQ,
DR (MHC-II)-APC (clone Tii39; cat.# 361714; BioLegend,
Inc.). The stained cells were rinsed with PBS/E and supple-
mented with 100 ng/ml DAPI (Thermo Fisher Scientific,
Inc.) shortly before cell analysis. To evaluate the expression
levels of intracellular cell markers, the harvested cells were
stained on wet ice using LIVE/DEAD Fixable Aqua Dead
Cell Stain (Thermo Fisher Scientific, Inc.), fixed and overnight
permeabilized as previously described (30). Cells were then
stained on wet ice with the following fluorophore-labeled
antibodies: Anti-Ki-67-PE (clone Ki-67; cat. no. 1P-155-T100;
EXBIO Praha, a.s.), anti-multidrug resistance (MDR)-1-PE
(CD243, clone UIC2; cat.# 1P-764-T100; EXBIO Praha, a.s.),
anti-B-cell lymphoma (Bcl)-2-PE (clone Bcl-2/100; cat.#
556535; Becton, Dickinson and Company) and anti-signal
transducer and activator of transcription (STAT)1-Alexa Fluor
647 (clone 1/STATI; cat.# 558560; Becton, Dickinson and
Company). After staining, cells were rinsed with PBS/E, and
the surface of the cells or intracellularly stained cells were
analyzed with a FACSAria II or FACSFortesa flow cytometer
(Becton, Dickinson and Company). The acquired data were
processed using FlowJo software (version 10.10.0; FlowJo
LLC; BD Biosciences). The gating strategy used fluorescence
minus one staining.

MTT assay, cell cycle assay and annexin V analysis. The cyto-
toxic impact of treating the cell line with docetaxel, doxorubicin
(Selleck Chemicals) or mitomycin C (MilliporeSigma; Merck
KGaA),was determined using the MTT assay (MilliporeSigma;
Merck KGaA). Briefly, flat-bottom 96-well-cultured adherent
JBT19 cells (5,000-20,000 cells/well) were treated with the
indicated concentrations of docetaxel, doxorubicin or mito-
mycin C for 3 days. The cell cultures were then supplemented
with 0.5 mg/ml MTT substrate (MilliporeSigma; Merck
KGaA) and cultured for 3 h. The supernatant was removed, and
the insoluble formazan dissolved with acidified isopropanol
(MilliporeSigma; Merck KGaA). The absorbance was acquired
at 570 nm and referenced at 630 nm. The acquired data were
processed using GraphPad Prism (version 10.2.0; Dotmatics)
to determine the half-maximal inhibitory concentration (ICs).
Cell cycle analysis was performed as described previously
using PI staining (31), with the exception that the data were
analyzed using the Dean/Jett/Fox algorithm (docs.flowjo.
com/flowjo/experiment-based-platforms/cell-cycle-univariate/)
with FlowJo software (version 10.10.0; FlowJo LLC; BD
Biosciences). Annexin V staining was performed as described
previously (32) using annexin V-FITC (cat. no. EXB0024;
EXBIO Praha, a.s.).

Preparation of JBT19-reactive lymphocytes. The source cell
material were buffy coats from 4 healthy blood donor volun-
teers obtained from the Institute of Hematology and Blood
Transfusion (Prague, Czech Republic). This material was used
to isolate and cryopreserve peripheral blood mononuclear
cells (PBMCs) as previously described (30,33). The volunteers
provided a prior signed written informed consent for the use
of the biological material for research. The research adhered
to the ethics standards of the institutional research committee
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and was approved by the Ethics Committee of the University
Hospital Motol in Prague (approval no. EK-602.4/22;
Prague, Czech Republic). The research was performed in
compliance with the 1964 Helsinki Declaration and its
later amendments. The JBT19-reactive lymphocytes were
produced as described previously (28) with minor modifica-
tions. Briefly, the cryopreserved PBMCs were reconstituted
overnight (2-3x10° cells/ml) in RPMI 1640-based human
serum-containing complete medium [lympho medium (LM),
consisting of RPMI 1640 medium (Thermo Fisher Scientific,
Inc.) containing 5% human serum (One Lambda, Inc.; Thermo
Fisher Scientific, Inc.) and other non-serum supplements as in
KM+ medium] supplemented with human IL-2 (500 IU/ml;
PeproTech, Inc.; Thermo Fisher Scientific, Inc.). The reconsti-
tuted cells were harvested, pelleted and reconstituted in fresh
LM with 500 TU/ml IL-2 at 4x10° cells/ml. The cells were
then combined at a 1:1 ratio with trypsin/EDTA-harvested
and UV-inactivated (312 nm; 2.55 J/cm?) JBT19 cells that
were previously treated or not with 200 ng/ml human IFNy for
7 days (1x10° cells/ml) [final ratio, 4:1 (PBMC/JBT19)]. The
combined cells were cultured in a flat-bottom 48-well plate
well (Nalgene; Thermo Fisher Scientific, Inc.). On days 3, 5
and 6, the cell cultures were hemi-depleted and supplemented
with fresh LM and 500 IU/ml IL-2. On day 7, the cell cultures
were transferred to a flat-bottom 12-well plate well (Nalgene;
Thermo Fisher Scientific, Inc.) and supplemented with an equal
volume of fresh LM and 500 IU/ml IL-2. On days 10 and 11,
the cell cultures were hemi-depleted and supplemented with
fresh LM and 500 IU/ml of IL-2. On day 12, the cells were
analyzed and/or cryopreserved.

Rapid expansion protocol (REP) for JBT19-reactive lympho-
cytes. The 12-day cryopreserved cell cultures enriched with
lymphocytes reactive to JBT19 cells or IFNy-treated JBT19
cells were reconstituted as aforementioned in LM with
500 IU/ml IL-2. The reconstituted cells were then large-scale
expanded for 14 days using an REP as previously described (34),
with the exception that following the initial IL-2 concentration
of 4,000 TU/ml, the cells were next cultured with 2,000 IU/ml
IL-2. On day 14, the large-scale expanded cells were analyzed
and/or cryopreserved.

Analyses of JBTI19-reactive lymphocytes. The cultured
lymphocytes (enriched or large-scale expanded) were analyzed
with small modifications using procedures described previ-
ously (28). Briefly, the cultured lymphocytes were harvested,
pelleted and resuspended in fresh LM with 500 IU/ml IL-2 at
4x10° cells/ml. The lymphocytes were then combined at a 1:1
ratio with trypsin/EDTA-harvested JBT19 cells treated or not
with 200 ng/ml IFNy for 7 days [1x10° cells/ml; final ratio, 4:1
of lymphocytes (effector)/JBT19 (target)]. The combined cells
were then transferred to a U-bottom 96-well plate (Nalgene;
Thermo Fisher Scientific, Inc.) and cultured (stimulated)
at 37°C in the presence of 5% CO,. After 1 h, the cells were
supplemented with Brefeldin A (BioLegend, Inc.) to prevent
cytokine secretion from the cells and cultured for an additional
4 h. The cells were transferred to a V-bottom 96-well plate
(Nalgene; Thermo Fisher Scientific, Inc.), pelleted, rinsed with
PBS/E and stained on wet ice with LIVE/DEAD Fixable Aqua
Dead Cell Stain (Thermo Fisher Scientific, Inc.). The stained
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cells were next fixed, overnight permeabilized and stained on
wet ice with anti-CD3-peridinin-chlorophyll-protein-cyanine
(Cy)5.5 (clone SK7; cat. no. T9-173-T100), anti-CD4-PE-Cy7
(clone MEM-241; cat. no. T7-359-T100), anti-CD8-Alexa
Fluor 700 (clone MEM-31; cat. no. A7-207-T100; EXBIO
Praha, a.s.), anti-TNFa-APC (clone monoclonal antibody 11;
cat.# 562084) and anti-IFNy-PE (clone B27; cat.# 559327,
Becton, Dickinson and Company) antibodies. The stained
cells were pelleted, rinsed with PBS/E and analyzed by flow
cytometry as aforementioned. Reactive cell frequency was
calculated as the difference between the proportion of IFNy-
and/or TNFa-producing cells in the JBT19 cell-stimulated
sample and the corresponding vehicle-stimulated control from
the same sample. In certain experiments, lymphocytes were
pretreated for 30 min with 20 yg/ml anti-MHC-I (clone W6/32;
cat. no. 311428; BioLegend, Inc.) or anti-MHC-II (clone Tii39;
cat.# 555556; Becton, Dickinson and Company) blocking
antibodies in serum-free RPMI 1640 medium (Thermo
Fisher Scientific, Inc.) and then stimulated in the presence or
absence of 10 ug/ml antibodies in LM. The flow cytometry
was performed as aforementioned.

Analysis of the cell-mediated cytotoxic impact on JBT19-GFP
cells. JBT19-GFP cells were generated as previously
described (28). The cytotoxic impact of lymphocytes (enriched
or large-scale expanded) on JBT19-GFP cells treated or not
with 200 ng/ml IFNy for 7 days was assessed using a previ-
ously described protocol with a small modification (28,35).
Briefly, 0.1x10° JBT19-GFP cells (target) were passaged
into a flat-bottom 48-well plate well and cultured for 1 day.
Upon supernatant removal, the wells were supplemented
with 1.0 x10° lymphocytes (effector) in 1 ml LM with IL-2
(500 TU/ml). After lymphocyte sedimentation for 10 min, the
fluorescence of JBT19-GFP cells in the wells was acquired
with a fluorescence microscope and the mean fluorescence
intensity (MFI) at day 0 was calculated using image analysis
with ImageJ 1.44p (National Institutes of Health) as previously
described (36). The cells were cocultured for 3 days and MFIs
were determined as on day 0.

Statistical analysis. Values were calculated from the n sample
size using GraphPad Prism 10.2.0 (GraphPad; Dotmatics).
Data are presented as the mean = SEM of =3 independent
experimental repeats. Differences between groups were
determined with the indicated paired or unpaired two-tailed
Student's t-test or with one-way ANOVA followed by Tukey's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference, unless indicated otherwise.

Results

IFNy abrogates in vitro proliferation of JBT19 cells, increases
their expression levels of CD44, CD47 and CD95 (FAS) and
induces docetaxel resistance. IFNy is a cytokine produced
by activated NK cells and cytotoxic CD8* T cells (13). These
cells are key effector cells responsible for cancer cell elimina-
tion (14,37) and their presence in tumors is often associated
with improved prognosis of the disease (38,39). However,
once released in the tumor microenvironment, its chronic
impact can also modulate cancer cells. Therefore, the present
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study used the recently established UPS sarcoma cell line
JBT19 (28) and investigated the long-term (chronic) impact
of this cytokine on the proliferation and phenotype of JBT19
cells. The rationale for using this cell line was based on the
observation that, although two-dimensional-cultured JBT19
cells exhibited little-to-no surface expression levels of MHC-II
molecules, as determined by flow cytometry, supplementation
of the culture medium with IFNy for 3 days induced robust
surface expression levels of MHC-II (Fig. 1A). This response
was concentration dependent, reaching a plateau at concentra-
tions >5 ng/ml (Fig. 1B). Furthermore, IFNy supplementation
reduced the proliferation of JBT19 cells. To further investi-
gate this effect, JBT19 cells were cultured in the presence
of 200 ng/ml IFNy for 7 days, ensuring a robust and stable
response within the plateau range and cell proliferation was
subsequently evaluated in the presence or absence of the
cytokine. After the initial delay in the cell proliferation in the
first 3 days, presumably due to a transient adverse impact of
the passaging procedure on cell proliferation, IFNy markedly
suppressed the proliferation of JBT19 cells, increasing their
doubling time >3-fold, from ~2 to >6 days (Fig. 1C and D).
This suppression led to a marked decrease in the prolifera-
tion of the cell culture. Whereas the non-treated cell culture
exhibited a 150-200-fold increase in cell numbers in 12 days,
cells treated with IFNy expanded 3-4-fold.

Next, the present study investigated how this marked
decrease in JBT19 cell proliferation affected the expression
levels of cell surface markers, which are reported to be possibly
associated with modulated resistance of cancer cells to the
immune system and chemotherapeutics. Among these markers
were CD44 (which is associated with cancer cell stemness),
CD47 (a receptor inhibiting phagocytosis by macrophages and
its expression in multiple cancer types, such as in ovarian and
gastric cancer, is associated with chemoresistance and poor
prognosis) (40-42) and CD95 (Fas; a death receptor inducing
apoptosis) (43). As shown in Fig. 1E, 7-day treatment of JBT19
cells with IFNy increased the surface expression levels of
CD44, CD47 and CD95 (Fas) in JBT19 cells. By contrast, the
surface expression levels of FAP were reduced. These results
demonstrated that IFNy suppressed the proliferation of JBT19
cells but induced a phenotype that could possibly affect JBT19
cell resistance to cytotoxic chemotherapy and immunotherapy.

The IFNy-mediated inhibition of JBT19 cell proliferation
suggested that these cells may develop resistance to chemo-
therapeutic agents that primarily target dividing cells (44).
Therefore, the present study next examined the cytotoxic
effects of docetaxel on IFNy-treated JBT19 cells. Docetaxel is
a commonly used chemotherapy drug (45) that targets dividing
cells by inhibiting the depolymerization of microtubules,
causing mitotic arrest and subsequent apoptosis (46). JBT19
cells were sensitive to docetaxel at nanomolar (nM) concentra-
tions (IC5y=14.98 nM) as determined by MTT assay (Fig. 1F).
However, 7-day treatment of these cells with IFNy made these
cells highly resistance to docetaxel (Fig. 1G), decreasing
their sensitivity by >2,000-fold (IC5,=38.71 uM; Fig. 1H).
These results demonstrated that, albeit IFNy nearly blocked
the proliferation of JBT19 cells, this was associated with the
acquisition of chemoresistance to a widely used drug such as
docetaxel, to which JBT19 cells were otherwise sensitive at
nM concentrations.

IFNy changes the cell cycle, does not induce apoptosis and
increases STATI expression without inducing the surface
expression levels of multidrug resistance protein 1 (MDR-1)
or enhancing the expression levels of Bcl-2 in JBTI9 cells.
IFNy treatment is known to impact the cell cycle (47); there-
fore, it was next examined how the 7-day IFNy treatment
affected the cell cycle of JBT19 cells. The results revealed a
trend toward increased frequencies of cells in G, and G, phases
and a decreased frequency in the combined G, + S population.
Notably, IFNy treatment induced a significant reduction in the
proportion of cells in S phase (Fig. 2A and B). This pattern of
IFNy-mediated cell cycle changes was consistent with obser-
vations in other cell types (48,49). The treatment of JBT19
cells with IFNy was not associated with increased apoptosis,
expression levels of MDR-1 receptor (50) or modulation of
the expression levels of the antiapoptotic signaling molecule
Bcl-2 (51) (Fig. 2C-G). However, sustained exposure to IFNy
for 7 days enhanced the expression levels of the STATI
signaling molecule (Fig. 2H), a response previously reported
in multiple cell types (52-55).

IFNy decreases the expression levels of Ki-67 and increases
the expression levels of PD-L1 and MHC-II in JBTI19 cells.
The marked impact of IFNy on the performance of JBT19
cells towards chemoresistance was associated with long-term
(7-day) exposure of JBT19 cells to this cytokine. The present
study next evaluated a shorter exposition of JBT19 cells to
this cytokine and investigated a possible reversibility of its
effect on their proliferation. To do that, Ki-67 was used as a
surrogate marker of cell proliferation (56). Ki-67 expression
was analyzed in JBT19 cells treated with IFNy (200 ng/ml)
for 7 days, 2 days or 2 days followed by its extensive removal
and additional 5-day cell culture. As shown in Fig. 3A-C,
2-day IFNy treatment decreased the levels of Ki-67 nearly to
the levels observed in 7-day treated cells. Furthermore, these
levels were sustained even after the following 5 days of cell
culture in the absence of IFNy. These findings demonstrated
that the anti-proliferative impact of IFNy on JBT19 cells was
induced after a shorter time exposure but was not reversed
even 5 days later.

The sustained IFNy-mediated inhibition of JBT19 cell
proliferation suggested that their phenotype could also be
maintained in the absence of IFNy. However, since the
IFNy-induced differences in the surface expression levels of
the previously investigated markers [CD44, CD47, CD95 (Fas)
and FAP] were not extensive, the investigation next focused
on other possible markers whose expression was previously
reported to be sensitive to IFNy treatment, including PD-L1 (19),
MHC-I (57) and MHC-II (58). The first two markers were cell
surface-expressed in JBT19 cells and the expression levels of
MHC-II were found to be significantly expressed after IFNy
treatment in the present study. In these experiments, JBT19
cells were treated with IFNy as for the Ki-67 analyses and the
cell surface expression levels of PD-L1, MHC-I and MHC-II
was determined. As shown, although JBT19 cells were previ-
ously reported to be PD-L1* (28), the increase in PD-L1
expression after treatment with IFNy was robust (Fig. 3D).
Similar to Ki-67, the expression levels of PD-L1 was the
highest after 7 days of treatment. However, notable differences
were observed compared with the impact on Ki-67 expression.
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Figure 1. Impact of IFNy on the in vitro proliferation of JBT19 cells and their expression levels of MHC-II, CD44, CD47 and CD95 (Fas), and their sensitivity
to docetaxel. (A) Gating strategy of flow cytometry data. (B) Extracellular MHC-II staining of 3-day treated JBT19 cells with the indicated concentrations
of IFNy. (C) Cell number fold increase in vehicle-treated JBT19 cells (No treatment, left panel) or 7-day pre-treated and then cultured with IFNy (200 ng/ml;
IFNy, right panel). The evaluated are represented as means + SEM. "P<0.05, “P<0.01, ““P<0.001 and “*"P<0.0001; n=3 independent experiments; one-way
ANOVA with Tukey's post hoc test). (D) Calculated proliferation curves and pertinent doubling times from the data shown in panel C. (E) Extracellular
staining of 7-day vehicle-treated (No treatment) or 7-day IFNy-treated (IFNy, 200 ng/ml) JBT19 cells. The cells were stained with specific antibodies against
CD44, CD47, CD95 (Fas) or FAP. In the top panels, representative histograms are shown and the control (No stain) for individual fluorochromes refers to
staining with vehicle alone. In the bottom panels, the evaluated data presented as means + SEM are shown and statistically significant differences between the
groups are indicated. “P<0.01, “"P<0.001 and “""P<0.0001. MTT assay of (F) vehicle-treated JBT19 cells (No treatment), or (G and H) 7-day IFNy-treated
(IFNy, 200 ng/ml) JBT19 cells (7 days IFNYy) exposed to docetaxel at the indicated concentrations for 3 days. The calculated ICs, from three independent
experiments is shown. MFI, mean fluorescence intensity; MHC, major histocompatibility complex; nM, nanomolar; FAP, fibroblast activation protein.


https://www.spandidos-publications.com/10.3892/ol.2025.15431

6 TABORSKA et al: IMPACT OF IFNy ON JBT19 CELLS IN CHEMOTHERAPY AND ANTITUMOR IMMUNITY

A Gating strategy

All cells Cells Single cells — Pl Cell cycle subset — Pl
. 7 Single cells 2 1 Cell cycle subset 2 ] I
% 99,1 % DeanJettF ox-Comp-PE-A-G1
8 8|1 .~
<| ho] - o] DeanJettF ox-Comp-PE-A-G2
O [0} [0} t 124
n N N —
2] g g eanJeltFo:;‘Ce)mp—PE—A»S
o o
2 2
»
FSC-A PI Pl
B G1 phase G2 phase S+G2 phase
801 - 201 50+
eoq®0 [
:-': ] . u = :\3 40+ ...
< 801 Pee ~ T = 154 e &
I < 204 2 T @ -
Py < =L Py ~e | = 8 30 e.q &
& 404 % s ® ¢ a" . 2 104 P < 2% "
s = s N 204
- S 104 o Q
S 204 ] O 54 &
-~ 104
0 T T 0 T T 0 T T 0 T T
No  7days No 7 days No  7days No 7 days
treatment treatment treatment treatment
. D Annexin V'~ cells
Gating strategy 100 —
All cells Live cells Single cells T -@-
e .—'—g - - < 'h'
Single cells . “Annexin V negative & 804
T < I8 60+
) O >
a o £ 404
Q
15
£ 20-
- 0= T
Annexin V No 7 days
treatment
E Single cells
. ™)
Gating strategy A No treatment
All cells Live cells 2 Isotype
Live 1 Single cells 2] control
718 96,7 S
1 ] Q 7 days
< > IFNy
o] ] g No treat t <
N o treatmen
o ] = STA 7;1
£ -specific
E = 7 days .
2 IFNy | antibody
e s
STAT1
STAT1
MDR- 1 H ( K K K K \
800+ H kKK ok \ 2,500+ H K
% % * K
KOk K * KKK KKK 4’000- . v 2’000. ——
— 600+ _— _
[ -+ T —_— T -
= ¥ S 3,000 4 S 1,500 " v
= 4004 o - J_ - %
o h = ——
a T 2,000 4 = 1,0004 .
E e e o v 2
2004 &
r*] 1,000 500-
e ' r T O B A T o= 1 1 T
No 7 days No 7 days No 7 days No 7 days No 7 days No 7 days
treatment treatment treatment treatment treatment treatment
[\ J \ J [\ J \ J N J \ J
Isotype control ~ MDR-1-specific Isotype control Bcl-2-specific Isotype control ~ STAT1-specific
antibody antibody antibody

Figure 2. IFNy in JBT19 cells changes the cell cycle, does not induce apoptosis and increases STAT1 expression without inducing the surface expression levels
of MDR-1 or enhancing the expression levels of Bcl-2. (A) Gating strategy for cell cycle analysis by flow cytometry using propidium iodide staining. (B) Cell
cycle evaluation in vehicle-treated (No treatment) or 7-day treated (7 d) JBT19 cells with IFNy (200 ng/ml). The data indicate the proportions of JBT19 cells
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Specifically, 5 days after 2-day IFNy treatment, PD-L1 expres-
sion was considerably higher compared with that in cells
treated for 2 days and nearly reached the levels observed in
7-day-treated cells (Fig. 3D). These results indicated that, after
2-day IFNy treatment, the removal of the cytokine did not
prevent the cells from further increasing the expression levels
of PD-L1. These findings were also observed in the expression
levels of MHC-I (Fig. 3D). However, the most notable finding
was observed upon the evaluation of the surface expression
levels of MHC-II: JBT19 cells that were negative or weakly
positive for this molecule became positive after 2-day treat-
ment with IFNy and the levels were largely enhanced after
7-day treatment with IFNy (Fig. 3D). Furthermore, the expres-
sion levels of MHC-II followed the same pattern as PD-L1
and MHC-I molecules; namely, the levels of MHC-II in cells
cultured for 5 days after 2-day IFNy treatment were mark-
edly higher compared with the levels in 2-day-treated cells
and nearly reached the levels of 7-day-treated cells. With an
extended exposure to 14-day-treatment, the levels of MHC-II
did not exhibit any further notable increase, which indicated
that the IFNy-elicited phenotypic changes were reaching their
plateau within this length of treatment (Fig. 3E).

Onset of IFNy-induced phenotypic remodeling and docetaxel
resistance occurs shortly after exposure to IFNy. IFNy
induces a signaling pathway that results in changes in the gene
expression pattern within hours after the stimulation (52,55).
Using the expression levels of MHC-II as a marker of the
IFNy-elicited phenotypic remodeling, it was identified that
MHC-II expression was significantly enhanced after 24-h
treatment with IFNy (Fig. 3F). However, it was revealed that 6-h
treatment with IFNy enhanced their resistance to docetaxel by
~10-fold when IFNy was subsequently removed during MTT
assay (Fig. 3G and H). When IFNy was present (not removed)
during the subsequent 3-day MTT assay, their resistance to
docetaxel increased ~100-fold (Fig. 3G and I). These find-
ings indicated that the onset of JBT19-induced functionality
changes (chemoresistance) occurred within hours after their
exposure to IFNy and continued to be enhanced with ongoing
exposure.

IFNy-induced phenotypic remodeling and docetaxel resis-
tance is sustained for extended time but is reversible. The
results in Fig. 3 indicated that the impact of IFNy on JBT19
cells was sustained and possibly irreversible, potentially
causing permanent changes in JBT19 cells. To investigate this,
7-day treated JBT19 cells were further cultured in the absence
of IFNy for 9 days (Fig. 4A, Rev0-9) and their proliferation
rate was compared with that of cells cultured in the presence
of IFNy (Fig. 4A, IFNy). Removal of IFNy from the cells
revealed a tendency to accelerate cell proliferation (Fig. 4B);
the 9-day cell number fold increase accelerated from ~2- to
4-fold increase. Therefore, 9 days after cytokine removal,
the cells were again passaged and cultured for subsequent
15 days and their proliferation rate (Fig. 4A, Rev9-24) was
compared with that of IFNy non-treated JBT19 cells (Fig. 4A,
No treatment). The proliferation rates of the treated (Rev9-24)
and control cells (No treatment) were comparable (Fig. 4C).
To confirm that JBT19 cells regained the same proliferation
rate after 24 days of culture without IFNy, doubling times
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were determined for both treated (Fig. 4, Rev24) and control
cells (Fig. 4, No treatment 2). The expansion of the previously
treated JBT19 cells was now similar to that of their non-treated
counterpart and both cell groups demonstrated comparable
doubling times (Fig. 4D). Thus, the impact of IFNy on cell
proliferation was completely reversed 24 days after IFNy
removal.

Next, the present study investigated cell proliferation
recovery also translated into the reversion of the cell surface
markers PD-L1, MHC-I and MHC-II. As shown, the expres-
sion levels of PD-L1, MHC-I and MHC-II returned to the
levels of the IFNYy non-treated cells (Fig. 4E).

To evaluate whether the extended cell culture-elicited rever-
sion also translated into resensitization of the cells to docetaxel,
the cells were analyzed by MTT assay. The previously treated
JBT19 cells regained the same sensitivity to docetaxel as their
non-treated counterparts (Fig. 4F). Collectively, these results
demonstrated that the changes elicited by IFNy were sustained
but not permanent because the treated JBT19 cells could
regain back the phenotypic and functional properties of the
non-treated cells.

IFNy-elicited chemoresistance is not JBT19 cell-restricted
and can be mitigated by mitomycin C or doxorubicin in JBT19
cells. The JBT19 cell line was established from soft tissue
sarcoma (28), which is a tumor of mesenchymal origin (59).
To determine whether IFNy induced docetaxel resistance in
epithelial-derived tumors, the prostate carcinoma cell line PC-3
was utilized (29). Similar to JBT19 cells, 7-day IFNy treatment
induced resistance to docetaxel in PC-3 cells (Fig. 5A). indi-
cating that the mechanism observed in JBT19 cells also takes
place in cell lines of distinct histological origin.

Docetaxel is a chemotherapeutic agent that primarily
targets rapidly dividing cells (60,61). The present study
results indicated that IFNy treatment markedly reduced the
proliferation rate of JBT19 cells, suggesting that this decrease
in proliferation could be the main mechanism underlying
JBT19 cell resistance to docetaxel. To determine whether
chemotherapeutics capable of targeting slowly dividing
cells could overcome IFNy-induced resistance, mitomycin
C (62,63) and doxorubicin (64) were evaluated. The results
revealed that both agents effectively targeted JBT19 cells
at submicromolar concentrations (Fig. 5B and C) and that
these agents were still effective against IFNy-treated JBT19
cells, albeit their effective concentrations increased ~10-fold
for mitomycin C and 6-fold for doxorubicin (Fig. 5B and C).
Nevertheless, their performance was markedly improved
compared with that of docetaxel, for which the effective
concentration increased >2,000-fold following IFNy treat-
ment, as aforementioned. These results thus suggested that
the IFNy-elicited decrease in the proliferation of JBT19
cells could be the underlying mechanisms of the observed
docetaxel resistance.

IFNy treatment of JBTI9 cells has no impact on in vitro
antitumor adaptive immune response. The IFNy-induced
chemoresistance of JBT19 cells may limit the treatment options
once similarly behaving cancer cells are present in tumors
of the patients. To investigate whether IFNy treatment could
also limit the ability of the immune system to elicit a specific
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Figure 3.InJBT19 cells, IFNYy decreases the intracellular expression levels of Ki-67, increases the extracellular expression levels of PD-L1 and MHC-I and enhances
the expression levels of MHC-II. (A) Gating strategy of flow cytometry data. (B) Intracellular staining with anti-Ki-67-specific antibody in vehicle-treated (No
treatment), 2-day treated (2 d) or 7-day treated (7 d) JBT19 cells with IFNy (200 ng/ml). Alternatively, the cells were treated for 2 days with IFNy (200 ng/ml) and
the cytokine was then extensively removed, while the cells were cultured in vehicle alone for additional 5 days (2d + 5d rev). As control (No stain) for individual
fluorochromes, staining with vehicle alone was used. (C) Evaluation of the MFI staining in panel B. (D) Histograms of extracellular staining with anti-PD-L1-,
MHC-I- or MHC-II-specific antibodies in samples treated as in panel B. The control (No stain) for individual fluorochromes was staining with vehicle alone.
“P<0.05 and "P<0.01 and “""P<0.0001; C, n=3 (Ki-67) independent experiments. D, n=6. (E) Extracellular MHC-II staining of 14-day vehicle-treated (No treat-
ment), 7-day or 14-day IFNy-treated (IFNy, 200 ng/ml) JBT19 cells. (F) Extracellular MHC-II staining of 48-h vehicle-treated or 6-, 24- or 48-h IFNy-treated
(IFNy, 200 ng/ml) JBT19 cells. “P<0.05, “P<0.01, "*P<0.001 and **"P<0.0001; E, n=3 independent experiments. F, n=4 independent experiments. Panels E and F,
one-way ANOVA with Tukey's post hoc test. MTT assay of (G) vehicle-treated JBT19 cells or (H and I) JBT19 cells treated for 6 h with IFNy (200 ng/ml). Next,
the treated JBT19 cells were rinsed and exposed to docetaxel at the indicated concentrations for 3 days in the (G and H) absence (no treatment + 3 d no treatment,
6 h IFNy+3 d no treatment) or (I) presence of IFNy (200 ng/ml). The calculated ICs, from n=3 independent experiments is shown. IFNy, interferon yv; MFI, mean
fluorescence intensity; d, days; PD-L1, programmed cell death-ligand 1; MHC, major histocompatibility complex; nM, nanomolar.
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Figure 4. IFNy-induced phenotypic remodeling and docetaxel resistance are sustained for an extended time but are reversible. (A) Schematic representation of
the times of the experiment. (B) JBT19 cells were 7-day treated with IFNy (200 ng/ml). The cells were then passaged and cultured for 9 days in the presence
(IFNvy; dark pink) or absence (Rev0-9; No treatment, light pink) of IFNy (200 ng/ml) and cell number fold increase was determined. (C) The Rev0-9 sample
of JBT19 cells from panel B (Rev9-24, light pink) or JBT19 cells not treated with IFNy (No treatment, light blue) were passaged and cultured in the absence of
IFNy for 15 days and the cell number fold increase was determined. (D) Rev9-24 sample of JBT19 cells from C (Rev24, light pink) and vehicle-treated sample
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of JBT19 cells at day O (No treatment 2, light blue). (F) Results of MTT assay of No treatment 2 (blue) and Rev24 (red) samples at day O from panel D. Cells
were exposed to docetaxel at the indicated concentrations for 3 days. The calculated ICs, are shown (n=3 independent experiments). MFI, mean fluorescence
intensity (arbitrary units); IFNy, interferon y; nM, nanomolar; PD-L1, programmed cell death-ligand 1; MHC, major histocompatibility complex.
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Figure 5. IFNy-induced chemoresistance is not JBT19 cell-restricted and can be mitigated by mitomycin C or doxorubicin in JBT19 cells. (A) MTT assay
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adaptive immune response, JBT19-reactive lymphocytes  JBT19-reactive lymphocytes)or 7-day IFNy-treated JBT19 cells
were in vitro produced as described previously (28), using  (yJBT19-primed, to produce yJBT19-reactive lymphocytes) to
either non-treated JBT19 cells (JBT19-primed, to produce stimulate and enrich cell cultures with reactive lymphocytes.
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As shown in Fig. S1A and B, the enriched cell cultures were
viable and the majority of cells were T cells exhibiting tenden-
cies to increased frequencies of CD4* and CD8* populations
in the YJBT19-primed cell cultures. The produced JBT19- or
vIBT19-reactive lymphocytes were then stimulated with either
JBT19 or yJBT19 cells and their reactivity was evaluated
through the expression levels of IFNy and TNFa in the treated
lymphocytes, as determined by intracellular staining and flow
cytometry analyses. As shown in Fig. 6, CD8" T cells of the
produced JBT19-primed or yJBT19-primed lymphocytes
reacted with both JBT19 or yJBT19 cells (Fig. 6A and C).
Although there were no differences in the reactivity of CD8*
T cells between JBT19-primed and yYJBT19-primed cultures in
high-responder donors, YJBT19-primed lymphocyte cultures
demonstrated enhanced enrichment, with reactive CD8* T cells
in the low-responder donors, indicating that IFNy treatment of
JBT19 cells promoted their potential to increase lymphocyte
reactivity and cell culture enrichment with reactive CD8*
T cells in low-responder donors, presumably through enhanced
cell surface expression levels of MHC-I (Fig. 6C).

A significant effect of JBT19 cell treatment with IFNy
was identified for CD4* T cells. As shown in Fig. 6, CD4*
T cells became stimulated only with yYJBT19 cells and only
significantly in the yJBT19-primed lymphocytes, while only
a negligible stimulation was observed in JBT19-primed
lymphocytes (Fig. 6A and B). These results demonstrated
that IFNy treatment of JBT19 cells had no negative impact
on the in vitro stimulation of JBT19/yJBT19-reactive lympho-
cytes and that the IFNy-induced de novo expression levels of
MHC-II on the surface of JBT19 cells subsequently enriched
the reactive lymphocytes with yYJBT19-reactive CD4* T cells,
thus providing evidence of the immune functionality of
IFNy-induced MHC-II on the surface of JBT19 cells.

IFNy treatment of JBTI9 cells does not prevent in vitro
amplification of antitumor-elicited adaptive immune
response. Effective antitumor immunity is dependent on its
amplification through a large-scale cell number expansion of
antitumor-reactive lymphocytes. To evaluate whether IFNy
treatment of JBT19 cells used for stimulation and enrich-
ment with yYJBT19-reactive lymphocytes could limit their
later amplification, the in vitro-enriched yJBT19-reactive
lymphocytes were large-scale expanded using a modi-
fied REP previously described for the expansion of virus
antigen-specific lymphocytes (34). Using this protocol, JBT19-
or yJBT19-primed cell cultures could be in vitro expanded
with enriched JBT19/yJBT19-reactive lymphocytes by
~2,000-fold (Fig. S1C). The large-scale expanded cell cultures
were viable and nearly exclusively contained T cells, including
their CD4* and CD8" populations (Fig. SID and E). Similar to
the enriched cell cultures, the CD8* T cells of the expanded
cell cultures contained a significant population of JBT19- or
vIBT19-reactive cells (Fig. 7B). In addition, within the limited
number of donors, the expanded cell cultures enriched through
vIBT19 (yJBT19-primed) demonstrated a notable tendency
to enhanced frequencies of the yJBT19-reactive population
compared with the JBT19-primed cell cultures (Fig. 7B). By
contrast, the frequencies of JBT19-reactive CD8* T cells varied
between the donors, revealing two high responders and two
low responders (Fig. 7B). Regardless, the results demonstrated
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that IFNy treatment of JBT19 cells had no detrimental effects
on the ability of cells to induce and amplify a targeted CD8*
T cell-based immune response against these cells or their
non-treated counterparts.

The reactivity pattern of CD4* T cells was similar to the
pattern observed with the enriched cell cultures. CD4* T cells
became stimulated only with yYJBT19 cells and only signifi-
cantly in the yYJBT19-primed and expanded lymphocytes, while
negligible stimulation was observed in the JBT19-primed and
expanded lymphocytes (Fig. 7A). Collectively, these results
indicated that treatment of JBT19 cells with IFNy did not
prevent adaptive immunity to elicit and amplify a specific
CD4* and CD8* T cell-based adaptive immune response
against treated JBT19 cells.

Next, the present study investigated whether MHC-T cell
receptor interactions on expanded lymphocytes contributed
to their activation. Using MHC-I and MHC-II blocking anti-
bodies, a significant reduction was observed in T cell response
for TNFa- and TNFa/IFNy-producing CD4* T cells (Fig. 7C)
and for IFNy- and TNFo/IFNy-producing CD8* T cells
(Fig. 7D). A notable fraction of reactive T cells remained
responsive despite the presence of blocking antibodies,
suggesting either incomplete blockade or the involvement of
bystander stimulation (65).

In vitro large-scale expanded JBT19-reactive lymphocytes are
efficient in eliminating IFNy-induced docetaxel-resistant JBT19
cells. The finding that IFNy treatment of JBT19 cells did not
translate into impaired adaptive immune response suggested that
IFNy-induced chemoresistance could be overcome by targeted
adaptive immunity. To investigate whether this targeted adaptive
immunity could also be effective in eliminating cancer cells, the
present study evaluated whether the JBT19- or yJBT19-primed
and large-scale expanded cell cultures with enriched
JBT19/vJBT19-reactive lymphocytes could eliminate cultured
JBT19 or vJBT19 cells. For this purpose, GFP-expressing JBT19
cells JBT19-GFP) that the present study group had previously
established were used (28). As shown in Fig. 8, regardless of
whether JBT19- or yJBT19-primed and large-scale expanded
cell cultures were used, both cell culture types were able to effi-
ciently eliminate IFNy-treated (yJBT19-GFP) and non-treated
(JBT19-GFP) JBT19-GPF cells. Thus, these results revealed that,
although IFNy treatment produced docetaxel-resistant JBT19
cells, these docetaxel-resistant cells were not in vitro resistant to
targeted adaptive immune response.

Discussion

The present study demonstrated a dual impact of IFNy on the
sensitivity of a UPS cell line, JBT19, to the widely used chemo-
therapeutic docetaxel and the ability of this cell line to in vitro
elicit and amplify a targeted immune response. IFNy-elicited
changes in JBT19 cells were identified to be sustained but not
permanent, since the cells were able to regain their original
phenotype and behavior prior to treatment with IFNy. However,
reconstitution of this phenotype and behavior took >3 weeks,
revealing that IFNy markedly, yet still reversibly, change the
propensity of cancer cells for extended periods of time and
thus modulate their long-term behavior and resilience towards
other therapeutic interventions.
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The tumor microenvironment serves a key role in deter-
mining the behavior of the tumor and its resilience to elimination
by multiple therapeutic approaches, including immunotherapy
and chemotherapy (66,67). The long-term (chronic) effects of
this microenvironment on immune, stromal and cancer cells
can differ notably from short-term (acute) effects, which may
affect mast cell and T cell stimulation as well as tumor cell
metabolism (30,68-73). Any intervention targeting the tumor
microenvironment can alter tumor behavior. Such changes
may either make the tumor more sensitive to therapy or
cause it to develop resistance (74-76). IFNy is a cytokine that
is a key component of the cell-mediated response to cancer
cells (13,15,77). The present study confirmed its large produc-
tion by the in vitro-produced JBT19-reactive CD8" T cells
once these cells were exposed to JBT19 cells. Therefore, under
immune attack, cancer cells are likely to be first exposed to this
cytokine before they become eliminated by reactive cytotoxic
lymphocytes. Using the cell line JBT19 as a model, the present
study demonstrated that this exposure could markedly change
the propensity of cancer cells under a presumable immune
attack. IFNy-exposed JBT19 cells nearly stopped proliferating
and started to express multiple molecules that are associated
with worse disease prognosis, immunoresistance, metastatic
behavior, cancer cell stemness and cancer development
[namely, CD44 (78), CD47 (41,79), PD-L1 (80-82) and CD95
(Fas) (43,83,84)]. However, one of the expressed molecules
triggered by IFNy in JBT19 cells could have an ambiguous
functional role towards antitumor immunity: MHC-II. The
expression levels of MHC-II are largely associated with profes-
sional antigen-presenting cells, where it is responsible for the
stimulation of CD4* T cells. However, this molecule can also
be expressed in other cell types such as tumor-associated fibro-
blasts or cancer cells (85). The cancer cell expression levels
of MHC-II in murine tumor models is mostly associated with
slower tumor growth, improved tumor rejection and increased
tumor infiltration with immune cells (86,87). Furthermore,
previous studies reported that MHC-II expression in tumor
cells was associated with improved disease prognosis and
response to immunotherapy, including immune checkpoint
inhibitors (ICIs) (88-91). However, MHC-II expression in
cancer cells can also drive resistance to immunotherapy (92),
which can promote cancer cell metastasis (93). Using an
IFNy-JBT19-based study system, the present study findings
could recapitulate and explain several of these contrasting find-
ings associated with the expression levels of MHC-II in cancer
cells. The expression levels of MHC-II in JBT19 cells were a
consequence of long-term exposure to IFNy, which also caused
a notable decrease in the speed of proliferation of JBT19 cells.
Furthermore, in vitro-enriched and -expanded JBT19-reactive
Ilymphocytes produced IFNy after their stimulation with
JBT19 cells. Therefore, a close-by antitumor activity in vivo
upon which cytotoxic lymphocytes attack cancer cells could
be the source of IFNy, which may induce MHC-II expression
in the not-yet attacked cancer cells. As such, the expression
levels of MHC-II in cancer cells could be thus viewed as a
marker sensing ongoing antitumor immune activity in the
vicinity of cancer cells. There, it could be considered that the
expression levels of MHC-II in cancer cells of tumors could
serve as a surrogate predictive marker for the efficacy of
ICIs (anti-PD-1, anti-PDL-1), as this efficacy is increased in
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inflamed tumors (94). Similar conclusions could be inferred
from the expression levels of PD-L1 in IFNy-treated JBT19
cells, the expression levels of which are often enhanced in
inflamed tumors, where IFNy could be present at high levels in
the tumor milieu, regulating, alongside other cytokines (IL-27,
IL-10) (95), the expression levels of PD-L1 in cancer cells (96).
However, whether other cytokines in the tumor milieu could
promote PD-L1 or MHC-II expression in JBT19 cells, remains
to be further investigated in follow-up in vivo models using
JBT19 cells and pertinent therapeutic interventions in the
future.

Antitumor immune activity is key to tumor elimina-
tion. This activity is boosted or elicited by immunotherapy.
As immunotherapy has become the first-line treatment in
numerous oncological diagnoses, such as advanced non-small
cell lung and advanced head and neck cancer or metastatic
melanoma (3-6), antitumor immunity serves a key role in
therapy-naive tumors and changes their behavior, which
can cause cancer cell immune evasion and resistance to
immunotherapy (92,97,98). Although the present study indi-
cated that IFNy-treated JBT19 cells were in vitro efficiently
eliminated by JBT19- or yJBT19-reactive lymphocytes, this
scenario may not hold in vivo, where not all cancer cells often
become readily and entirely eliminated (99). These cells may
migrate to distant locations away from the tumor and exhibit
their IFNy-induced characteristics. One possible interaction
could involve novel expression levels of MHC-II, which in
turn may lead to the activation of regulatory CD4* T cells
in lymph nodes (93). The present study demonstrated that
YIBT19 cells in vitro induced the enrichment and expansion
of yYJBT19-reactive CD4* T cells, the reactivity of which was
presumably dependent on the expression and functionality of
MHC-II, since no enrichment or expansion of yYJBT19-reactive
CD4* T cells was observed in IFNy non-treated JBT19 cells.
However, whether these yYJBT19-reactive CD4* T cells hold or
could later acquire (92) a regulatory potential remains to be
further elucidated. Nevertheless, the IFNy-induced reversible
but sustained reprogramming of cancer cells not only indi-
cates the cancer cell plasticity that can be responsible for the
disease resistance to immunotherapy and possible promotion
of metastatic behavior (100-102), but may also have notable
implications for other therapeutic modalities, including
cytotoxic chemotherapy.

The robustness of the novel IFNy-JBT19-based system
helped demonstrate the marked impact of IFNy on the prolif-
eration of JBT19 cells and their expansion in cell culture. IFNy
treatment not only nearly stopped the expansion of JBT19 cells
in the cell culture, but also made them resistant to the chemo-
therapeutic agent docetaxel, which is one of the widely used
anticancer drugs (45). Immunotherapy that elicits or promotes
an immune attack on tumors may indicate a therapeutic impact
leading to the elimination of cancer cells; by contrast, it can also
produce cancer cell immunoresistance. Therefore, although
IFNy is often considered a marker of effective immunotherapy,
promoting both immune and cancer cells by increasing antigen
presentation and recruiting more cancer cell-targeting immune
cells to tumors, it can also exhibit the opposite role in the
responses of patients to immunotherapy by contributing to
the development of mechanisms associated with the acquisi-
tion of resistance to immunotherapy, including resistance to
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ICIs (72,103). To the best of our knowledge, the present study
is, however, the first to demonstrate that IFNy can elicit resis-
tance beyond immunotherapy, impacting chemotherapy.

The present study indicated that chronic exposure of
JBTI9 cells to IFNYy significantly slowed down their prolifer-
ation. This suggested that the cell line could become resistant
to chemotherapeutics effective against dividing cells such
as docetaxel (46). The choice to study docetaxel confirmed
this expectation, as an increased resistance to the drug was
observed. However, the extent of this acquired resistance
was unexpected; a cell line that was initially sensitive to nM
concentrations of the drug became nearly resistant to this
drug after prolonged exposure to IFNy. A similar observa-
tion was made in PC-3 cells, suggesting that this mechanism
of resistance is not limited to sarcomas but may also be
relevant in carcinoma cell lines (59). This finding contrasted
with previous research, which demonstrated that IFNYy sensi-
tized cancer cells to chemotherapy in a model of metastatic
castration-resistant prostate cancer (104). However, this sensi-
tization was based on 40-fold lower concentrations of IFNy,
5 ng/ml vs. 200 ng/ml in the present study and only 2-day
treatment vs. 7-day treatment. Furthermore, the cytotoxic
effect was investigated in a combination with recombinant
human TNF-related apoptosis inducing ligand (TRAIL), a
molecule that serves a key role in the ability of the immune
system to selectively induce apoptosis (programmed cell
death) in cancer cells (105). TRAIL receptor expression
or functionality is enhanced by IFNy, which associates
this modulation to both chemoresistance and immunore-
sistance (106,107). Therefore, the conditions of the present
study were more robust concerning the IFNy concentration
and exposure time, absence of the contributing TRAIL
ligand/TRAIL receptor-mediated cytotoxicity and presum-
ably were more closely mimicking in vivo conditions under
which local concentrations of IFNy at sites of an ongoing and
concentrated attack on cancer cells by cytotoxic lymphocytes
could be increasing and the exposure time could be chronic.

Analysis of chemotherapeutics that target non-dividing or
slowly dividing cells via multiple mechanisms, such as mito-
mycin C (108,109) and doxorubicin (110,111), further supports
the notion that downregulation of cell proliferation could be
a key mechanism underlying IFNy-induced resistance. One
potential driver of this mechanism is the observed upregula-
tion of STAT1 in IFNy-treated JBT19 cells. Upregulation of
STATI1 has been associated not only with chemoresistance,
including resistance to docetaxel (112,113), but also to mecha-
nisms that can be mitigated by targeting the STAT signaling
pathway (114,115). The detailed mechanism that underpins
this drug resistance acquisition warrants further investigation,
as well as its existence in other cell lines, its performance
in 3D-culture/co-culture models or in vivo animal models
and its potential interaction with other chemotherapeutics,
particularly those whose cytotoxic impact is not as much cell
proliferation-dependent, such as alkylating drugs, proteasome
inhibitors and autophagy inhibitors (116,117). Conducting
these validation studies will be key to determine the extent to
which immune mechanisms drive drug resistance. Regardless
of the scope of this mechanism that needs to be addressed in
follow-up studies, the use of JBT19 cells in the present study
enabled to describe a novel IFNy-driven mechanism that

provides evidence of the interplay between immunotherapy
and cancer cell chemoresistance.

This novel mechanism could have notable implications for
immunotherapy and other treatment options (targeted therapy)
where IFNy signatures can serve a notable role (118). IFNy
signatures are frequently associated with improved responses
to immunotherapy (20,21,72,119). However, these responses
are often insufficient to fully prevent disease progression.
After immunotherapy failure, chemotherapy commonly
remains a standard treatment option (120,121). In certain cases,
the chemotherapy outcome is greater than expected in the
absence of prior immunotherapy (22,23). In certain instances,
chemotherapy efficacy is not improved (122). However, there
are also studies indicating that chemotherapy can be less
effective following failed immunotherapy compared with
treatment-naive conditions (24,25).

The present study revealed a novel mechanism that may
underline the immunotherapy-induced acquisition of transient
chemotherapy resistance, which could be associated with
enhanced IFNy signatures often associated with immuno-
therapy (20,21,72,119). The present study demonstrated that
this IFNy-mediated resistance differentially impacted chemo-
therapeutic agents, rendering cancer cells either completely
resistant to certain drugs (such as docetaxel) or partially resis-
tant to others (such as mitomycin C and doxorubicin). From a
clinical perspective, these findings suggested that therapeutic
decision-making after immunotherapy failure should account
for this mechanism when selecting subsequent chemothera-
peutic regimens. Furthermore, similar considerations should
be applied during the design of next-generation therapeutics,
such as antibody-drug conjugates or nanoparticle-drug
conjugates, particularly when choosing the chemotherapeutic
payloads to maximize efficacy (123).

The present study reported a robust system based on a
novel UPS cell line, JBT19, through which a dual identity of
IFNy towards chemoresistance and immunostimulation was
demonstrated in vitro. This dual identity materialized through
sustained but reversible phenotypical and functional changes
in IFNy-impacted JBT19 cells, and produced chemoresistance
on one side, and enhanced immunostimulatory potential on
the other. Although this dual identity could be cell line- and
condition-specific, its engagement under specific disease condi-
tions and therapy could markedly affect the outcome of therapy.
Therefore, these findings could have potentially notable impli-
cations for combined therapies, namely for the combinations of
immunotherapy and chemotherapy in the future.

In conclusion, to the best of our knowledge, the present study
revealed for the first time the ‘dual role’ in chronic IFNy expo-
sure, leading to both chemoresistance and immunosensitivity.
This may have key implications for the interplay between the
effectiveness of cytotoxic chemotherapy and immunotherapy.
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