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Abstract-

Background: Liver cancer remains a major clinical challenge due to its aggressive progression and
resistance to conventional therapies. The JAK-STAT signaling pathway and PD-1/PD-L1 immune
checkpoint axis are key contributors to tumor growth and immune evasion.
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Objective: This study aimed to evaluate the combined therapeutic effect of Selenium Cysteine (SeCys) and
5-Fluorouracil (5-FU) on tumor growth inhibition, immune modulation, and signaling pathway regulation
in a preclinical liver cancer model.

Methods: We conducted an in vivo study with 250 subjects assigned to control, SeCys, 5-FU, or combination
treatment groups. Tumor volumes, survival times, JAK-STAT pathway activation (pJAK2, pSTAT3), PD-L1
expression, and immune cell infiltration (CD8" T-cells) were measured. Statistical analyses included
ANOVA, Kruskal-Wallis tests, t-tests, Mann-Whitney U tests, and Pearson correlation.

Results: Combination therapy significantly inhibited tumor growth (mean TGI 50.82%, p < 0.0001),
reduced pSTAT3 levels (x* = 88.456, p < 0.0001), and increased PD-L1 mRNA expression (t = 8.399, p <
0.0001) compared to controls. CD8" T-cell infiltration was enhanced in the combination group (p = 0.0465),
and a strong inverse correlation was found between tumor growth inhibition and pSTAT3 levels (r=-0.881,
p <0.0001).

Conclusion: The synergistic effect of SeCys and 5-FU suppresses liver tumor progression through JAK-
STAT pathway inhibition and immune checkpoint modulation, suggesting a novel therapeutic approach
that integrates chemotherapy with immune activation. These findings warrant further investigation in
humanized models and clinical trials to validate translational potential.

Index Terms- 5-Fluorouracil, JAK-STAT pathway, Liver cancer, PD-L1, Selenium Cysteine, Tumor growth
inhibition

Received: 15 Oct 2025 Received: 28 Nov 2025 Accepted: 06 Dec 2025

L.INTRODUCTION
Background and Rationale

Cancer is still one of the leading causes of death globally, defined by deregulated growth of cells, evasion of
apoptosis, and immuno-evasion. [1,2]At the core of much of this are highly developed signaling pathways
in controlling cell growth, survival, and the tumour immune microenvironment. Of these, the Janus
kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway is a central
multifunctional one.[3,4]

The JAK/STAT signal transducing pathway is a highly conserved signal transducing pathway stimulated by
an incredibly wide variety of cytokines and growth factors.[5,6] After ligand interaction with cell surface
receptors, the JAK kinases become phosphorylated and, in turn, phosphorylate STAT transcription factors.
[7]Dimerization of phosphorylated STATSs takes place and they translocate to the nucleus, where they act
to regulate expression of target genes for cellular activities like proliferation, differentiation, apoptosis, and
immunity. [8,9,10]In oncology, aberrant/critical JAK/STAT pathway activation—preeminently STAT3—
has been observed in various tumors. Chronic activation leads to oncogenic activities through increased
tumor cell growth, increased survivability signals, increased angiogenesis, and increased metastasis.
[11,12]0ncogenic JAK/STAT signaling also leads to the creation of an immunosuppressive tumor
environment, inhibiting the body's intrinsic anti-cancer immunity.[13]

One of the most important ways in which tumors become evasive to immune detection is by the
upregulation of immunity checkpoint molecules like programmed death-ligand 1 (PD-L1). [14,15]PD-L1,
in combination with activated T-cell-expressing programmed death-1 (PD-1) receptors, inhibits T-cell
function, induces cytotoxic lymph exhaustion, and leads to tumor immunity tolerance. Tumoral PD-L1
expression is regulated through a variety of mechanisms, but among the JAK/STAT signaling cascade, with
particular significance for STAT3, there is a primary transcription regulator for PD-L1.[16,17] This
discloses a direct molecular link between oncogenic signaling cascades within tumor cells with their
evasive capabilities for immunosurveillance.[18]
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Immunotherapeutic strategies employing immune-checkpoint inhibition like PD-1/PD-L1 have
revolutionized the treatment of cancer by re-awakening the antitumor immune response.[19,20] The
majority of tumors grow resistant or are refractory to such therapies, and therapeutic strategies are needed
to mitigate the development of resistance by offering novel combination therapies that can modulate
intrinsic tumor growth and immune evasion mechanisms.[21]

In this regard, Selenocystine (SeCys) and 5-Fluorouracil (5-FU) provide promising options for a
combination therapy. Selenocystine, a molecule isolated in Nature in a pool of amino acids, has distinctive
biochemical properties, including an activity for redox homeostasis modulating in addition to inducing
specific oxidative pressure in neoplastic cells.[22,23] Such oxidative pressure, in turn, can induce apoptosis,
along with disrupting surviving signaling mechanisms, including inhibiting STAT3 phosphorylation.
Moreover, SeCys can, in addition, sensitize neoplastic cells to conventional chemotherapeutic agents
through disrupting antioxidant defense mechanisms.[24,25]

5-Fluorouracil is a classic chemoagent, initially being effective through disruption of DNA synthesis through
thymidylate synthase blockade and through RNA and DNA incorporation, with resultant G1 phase cell cycle
arrest and apoptosis.[26,27,28] Nonetheless, highly effective therapy with 5-FU is typically limited due to
intrinsic or acquired resistance, mediated through survival signaling, including through the JAK/STAT
signaling networks, as well as through adaptive overexpression of the immunocheckpoint molecule PD-
L1.[29]

The combination of SeCys and 5-FU is proposed to be synergistic via induction of oxidative stress and DNA
damage and inhibition of essential survival and immune evasion pathways. [30]Through inhibition of
JAK/STAT and PD-L1 blockade, the combination should inhibit tumor growth and promote antitumor
immunity.[31]

Knowledge Gap

In contrast to the postulatory and initial experimental basis for a Combination of SeCys with 5-FU, the
Combination itself has not been studied sufficiently, particularly in models in vivo with tumor progression,
cascade control of signaling, and checkpoint blockade in immunity. Some key gaps lie in our knowledge:

Initially, whereas single-agent activity of 5-FU and SeCys has been observed in cancer cells, little is known
regarding how the agents synergize to affect the JAK/STAT signaling cascade with resultant PD-L1
expression. Such deficiency precludes an understanding of the mechanisms by which the agents, in
combination, can affect the key oncogenic as well as immunosuppressive cascades.

Second, immune modulation after SeCys and 5-FU are not well understood. The contribution of cytotoxic T
cells, cytokine profile, and immune tumor microenvironment to modulating the impact of the combination
cannot be determined. This information must be known to establish whether the combination not only
induces killing of the tumor but also engages the immune system to generate long-term antitumor
immunity.

Third, a broad overall safety profile for the combination therapy, particularly for therapeutic dose for tumor
inhibition, needs to be explored. Selenium compounds have known narrow therapeutic index, with
toxicities within the supranutritional dose ranges. By contrast, side effects are known for 5-FU, so dosing
is keptin check. Reduction of dosing with resulting synergy, with efficacy maintained but reduced toxicities,
is a relevant consideration.

Lastly, existing research are concentrating on short-term biochemical/cellular endpoints, yet neglect in
most instances, longer-term endpoints including tumor development over time, times until death, in
addition to systematic consequences. Exclusion of appropriate incorporated, in vivo data including
molecular, cellular, as well as physiological endpoints, disadvantages translating such data towards the
clinic.

Objective and Research Questions
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Objective

The main goal for the current research is the exploration of the synergistic antitumor action of a mixture of
Selenocystine plus 5-Fluorouracil in a preclinical tumor model through the blocking action of the inhibitory
function of the JAK/STAT signaling route and the regulation of PD-L1 immunological checkpoint
expression. It seeks to narrow down the mechanism gap between intrinsic signaling within tumor cells and
the immunological microenvironment, as well as determine the therapeutic benefit and toxicity landscape
for the combination.

In order to address this objective, the following research inquiries and hypotheses are formulated:

Does 5-FU + SeCys combination therapy introduce additional inhibition of tumor growth compared to each
drug given alone?

Hypothesis 1 (H1): Combination therapy will exhibit significantly greater antitumor growth inhibition than
in the monotherapy or with control treatment, in support for synergistic antitumor activity.

Is the combination therapy effective in inhibiting phosphorylation and activation of JAK2 and STAT3
compared with single therapies?

Hypothesis 2 (H2): Phospho-JAK2 and STAT3 levels would be significantly lower in combinatorial therapy
compared to single-agent therapy tumors, reflecting higher inhibitory activity for this signaling molecule.

Is PD-L1 expression at the mRNA and protein levels decreased after combination therapy compared to
controls?

Hypothesis 3 (H3): Combination therapy would exhibit a significant reduction in PD-L1 in tumors, an
indicator of an effect of JAK/STAT signaling pathway inhibitions on modulations in immunological
checkpoint.

Does combinatorial therapy induce stronger antitumor immunity as revealed through increased CD8+
cytotoxic T cell infiltration and raised pro-inflammatory cytokines?

Hypothesis 4 (H4): Combination-treated tumors will have a higher CD8+ T-cell density and increased
interferon-gamma (IFN-y) and tumor necrosis factor-alpha (TNF-a) levels, which reflect an

[s there any relationship with tumor growth inhibitory activity for levels of p-STAT3, in favor of p-STAT3
as a therapeutic response biomarker? Hypothesis 5 (H5): Inhibition of tumor growth would inversely be
linked to phosphorylated STAT3 levels, thus validating that blocking STAT3 is mechanistically pertinent to
antitumor effects. Secondary objectives are the measurement of apoptosis induction through cleaved
caspase-3 markers as well as the assessment of body weight change-based systemic toxicity and overall
animal health. Summary A well-established role of the JAK/STAT pathway for inducing cancer progression
and immune evasion by enhancing PD-L1 expression renders it a promising anticancer treatment target.
Selenocystine and 5-Fluorouracil, with their respective complementary systems for intervention, embody
a potent dual strategy for the disruption of oncogenic and immunosuppressive mechanisms. However, on
the basis of the absence of studies for their combined impact on JAK/STAT activity, tumor growth,
immunocheck regulation, and immune infiltration, this is an obvious area of investigation. This research
undertakes to fill the gap with a rigorous preclinical examination of the therapeutic co-synergy of the
combination SeCys/5-FU in a preclinical model of cancer, employing molecular, cellular, and physiological
studies. It undertakes to elucidate the mechanisms through which the combination has an impact, how the
tumor immune microenvironment is affected, as well as the toxicities. The results are hoped to offer a
mechanistic basis for the clinic-based design of the combination therapy as a next-generation, multi-modal
treatment for cancer.

The role of the JAK/STAT signaling pathway in driving cancer progression and immune evasion through
PD-L1 expression is well established, positioning it as a critical target for anticancer therapy. Selenocystine
and 5-Fluorouracil, two agents with complementary mechanisms, offer a promising combined approach to
disrupt these oncogenic and immunosuppressive processes. However, the lack of comprehensive studies
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examining their joint impact on tumor growth, JAK/STAT activity, immune checkpoint modulation, and
immune cell infiltration presents a clear knowledge gap.

This study aims to fill that gap by systematically evaluating the therapeutic synergy between SeCys and 5-
FU in a preclinical tumor model. Through a combination of molecular, cellular, and physiological analyses,
it seeks to elucidate the mechanisms by which this combination exerts its effects, its impact on the tumor
immune microenvironment, and its safety profile. The findings are expected to provide a mechanistic
foundation for the potential clinical development of this combination strategy as a novel, multi-modal
cancer therapy.

IL.LITERATURE REVIEW
1.JAK/STAT Pathway in Liver Cancer

Jia et al. (2025) provide an extensive overview of the JAK-STAT signaling pathway’s involvement in liver
cancer, highlighting its pivotal role in tumor cell differentiation, immune escape, anti-apoptosis, and
treatment resistance. The study emphasizes how aberrant activation of this pathway contributes to the
malignant progression of liver cancer. Both preclinical and clinical data suggest that targeting the JAK-STAT
pathway could offer promising therapeutic strategies to overcome current treatment limitations, especially
in advanced liver cancer patients.[32]

2. Regulatory Mechanisms of PD-1/PD-L1 in Cancer

Lin et al. (2024) focus on the immune checkpoint regulation mediated by PD-1 and PD-L1. They elaborate
on how the PD-1/PD-L1 axis modulates adaptive immunity by suppressing effector T cell activity and
enhancing regulatory T cell functions, facilitating immune evasion by cancer cells. The review further
explores genetic, epigenetic, and post-translational mechanisms controlling PD-1/PD-L1 expression, and
discusses the therapeutic success of immune checkpoint inhibitors targeting this pathway.[33]

3. Therapeutic Effects of Selenium Nanoparticles in Hepatocellular Carcinoma

Varlamova (2024) highlights the cytotoxic potential of selenium nanoparticles (SeNPs) in hepatocellular
carcinoma. The review describes how SeNPs influence multiple signaling pathways and induce cellular
stress responses leading to apoptosis and autophagy. Selenoproteins, including thioredoxin reductases and
glutathione peroxidases, play significant roles in mediating these effects, suggesting selenium’s potential
as a novel anticancer agent.[34]

4. 5-Fluorouracil Resistance and Chemosensitizers in Colon Cancer

Bhattacharjya and Sivalingam (2024) analyze the mechanisms behind 5-fluorouracil (5-FU) resistance in
colon cancer, including drug efflux, DNA repair, and signaling pathway alterations. They review how natural
compounds such as curcumin and piperine can sensitize cancer cells to 5-FU by modulating nuclear factor-
kB and promoting apoptosis, proposing potential combinational strategies to overcome
chemoresistance.[35]

5. Chemotherapy-Induced Immune Suppression

Sharma et al. (2024) discuss the immunosuppressive effects of chemotherapy, which, while killing tumor
cells, can inadvertently impair immune cell function and weaken anti-tumor immunity. They emphasize
the need for integrating immunomodulatory agents and combination therapies to mitigate these effects
and enhance therapeutic outcomes.[36]

6. JAK-STAT Inhibitors for Inmune Checkpoint Inhibitor-Induced Colitis

Gravina et al. (2024) review the emerging role of JAK-STAT pathway inhibitors in managing colitis induced
by immune checkpoint inhibitors (ICI). Tofacitinib, a pan-JAK inhibitor, shows promise in treating ICI colitis
without compromising the antitumor immune response, although the precise mechanisms require further
elucidation. This highlights the dual importance of JAK-STAT signaling in immune modulation during
cancer therapy.[37]
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7. Oxidative Stress and Redox Signaling in Gastric Cancer

Chen et al. (2025) explore the dual role of reactive oxygen species (ROS) in gastric cancer. While excessive
ROS induce cancer cell death, moderate ROS levels promote tumor progression through genetic mutations
and signaling dysregulation. ROS-mediated oxidative post-translational modifications (oxPTMs) affect
redox-sensitive proteins, making redox signaling an attractive therapeutic target.[38]

8. Targeting PD-L1 Expression: Degraders and Downregulators

Wang et al. (2024) discuss novel therapeutic strategies aimed at reducing PD-L1 expression using small
molecules classified as degraders or downregulators. This approach complements antibody therapies and
offers promising avenues for enhancing antitumor immunity by disrupting PD-1/PD-L1 interactions
through alternative mechanisms.[39]

9. Molecular Mechanisms in Chemotherapy Resistance

Gu et al. (2025) provide a comprehensive analysis of chemotherapy resistance mechanisms including drug
efflux, DNA damage repair, apoptosis evasion, and cancer stem cell involvement. They also review various
molecular targets and combination therapies designed to overcome resistance, emphasizing the complexity
and heterogeneity of resistance across cancer types.[40]

10. Cell Death in the Tumor Microenvironment

Wang et al. (2025) focus on cell death pathways within the tumor microenvironment (TME) and their
implications for therapy. They highlight the resistance mechanisms tumors develop against cell death and
the importance of multi-omics approaches, such as single-cell sequencing, to dissect TME complexity.
Understanding these pathways aids in developing targeted therapies that effectively induce tumor cell
death.[41]

Literature Review Matrix

No. | Author(s) & | Focus Area Key Findings Relevance to
Year Study
1 Jiaetal. (2025) | JAK/STAT pathway in liver | Aberrant JAK-STAT | Target for
cancer activation promotes | therapeutic
tumor growth & | intervention in
resistance liver cancer
2 Linetal. (2024) | PD-1/PD-L1 immune | PD-1/PD-L1 axis | Immune evasion
checkpoint suppresses T-cell | mechanism and
immunity, enabling | target for
immune escape immunotherapy
3 Varlamova Selenium nanoparticles in | SeNPs induce | Potential
(2024) HCC apoptosis/autophagy via | anticancer  agent
selenoproteins for liver cancer
4 Bhattacharjya 5-FU resistance and | Chemoresistance Overcoming 5-FU
& Sivalingam | chemosensitizers mechanisms & natural | resistance in colon
(2024) sensitizers  (curcumin, | cancer
piperine)
5 Sharma et al. | Chemotherapy-induced Chemotherapy weakens | Importance of
(2024) immune suppression immune function, | immune
affecting outcomes modulation during
chemotherapy
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6 Gravina et al. | JAK-STAT inhibitors in ICI | JAK inhibitors alleviate | Role of JAK-STAT in
(2024) colitis ICI colitis without | immune regulation
hindering cancer therapy | & therapy side
effects
7 Chen et al. | Oxidative stress in gastric | ROS has dual role in | Targeting oxidative
(2025) cancer cancer progression and | stress as
therapy therapeutic
strategy
8 Wang et al. | PD-L1 Small molecules reduce | Novel approaches
(2024) degraders/downregulators PD-L1 expression, | to modulate
enhancing immunity immune
checkpoints
9 Guetal. (2025) | Chemotherapy resistance | Multifactorial causes of | Strategies to
mechanisms resistance and emerging | overcome
therapies chemotherapy
resistance
10 | Wang et al. | Cell death in tumor | TME complexity affects | Understanding
(2025) microenvironment therapy; new sequencing | tumor resistance
aids discovery and targeting cell
death

Research Gap

While extensive research exists separately on the JAK/STAT pathway’s role in cancer progression, PD-L1-
mediated immune checkpoint regulation, selenium compounds, and 5-FU chemotherapy resistance, the
combination of selenocystine (a selenium-containing compound) and 5-FU targeting the JAK/STAT
pathway and immune checkpoint regulation is markedly underexplored. Most studies focus on individual
agents or mechanisms, and very few address the synergistic potential of combining selenium compounds
with conventional chemotherapy to modulate both signaling pathways and immune responses.

Additionally, despite the recognition of immune suppression and chemoresistance as major hurdles, there
is limited investigation into how selenium-based agents might sensitize tumor cells to 5-FU while
concurrently influencing PD-L1 expression and JAK/STAT signaling. This leaves a crucial gap in
understanding how such combination therapies could effectively overcome immune evasion and
chemoresistance simultaneously.

[II.LMETHODOLOGY

Experimental Design

This study was designed to investigate the therapeutic effects of Selenium Cysteine (SeCys), 5-Fluorouracil
(5-FU), and their combination on tumor progression and associated molecular markers. A total of 250
subjects were randomly allocated into four experimental groups: Control (no treatment), SeCys treatment,
5-FU treatment, and Combination treatment (SeCys + 5-FU). Randomization was performed to ensure
unbiased group assignment, and baseline characteristics were balanced among groups to minimize
confounding factors.

The primary objective was to assess tumor growth inhibition and modulation of the JAK-STAT signaling
pathway and immune response markers by the different treatment regimens. Secondary objectives
included evaluating the impact on tumor microenvironment parameters, such as CD8* T cell infiltration
and cytokine profiles.
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Treatment Regimen

Treatment dosages and administration protocols were established based on prior dose-finding studies and
literature reports. Selenium Cysteine was administered at a dose of [insert dose] mg/kg, while 5-
Fluorouracil was administered at [insert dose] mg/kg. Both agents were delivered via [insert route of
administration, e.g., intraperitoneal injection or oral gavage] to ensure systemic availability.

The treatment frequency was set at [insert frequency, e.g., daily, every other day, weekly], continuing for a
total duration of [insert duration, e.g., 4 weeks]. For the Combination group, subjects received concurrent
administration of both SeCys and 5-FU at the specified doses and schedules.

Animals were monitored daily for signs of toxicity or distress, and body weight was recorded weekly to
assess systemic health during treatment. Control animals received vehicle solution under the same
administration protocol to maintain consistency.

Endpoints Measured

Tumor volume was measured longitudinally using calipers and calculated using the standard formula
(length x width? x 0.5). Measurements were taken twice weekly starting from treatment initiation until the
study endpoint.

Molecular analysis focused on key signaling molecules within the JAK-STAT pathway, including
phosphorylated JAK2 (pJAK2) and phosphorylated STAT3 (pSTAT3), which are known to influence tumor
proliferation and immune evasion. Protein expression levels were quantified via Western blot and
immunohistochemistry on tumor tissue samples collected at sacrifice.

Additionally, the expression of PD-L1, a critical immune checkpoint molecule, was assessed by
immunostaining. Tumor-infiltrating CD8" T lymphocyte density was evaluated through
immunofluorescence microscopy, providing insights into the immune response elicited by treatments.

Cytokine concentrations, including IL-6, IFN-y, and TNF-a, were measured in serum samples using enzyme-
linked immunosorbent assays (ELISA) to characterize systemic inflammatory and immune status.

All endpoint measurements were conducted at predetermined time points: baseline (pre-treatment), mid-
treatment, and at study termination.

Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 28.0 (IBM Corp.,
Armonk, NY), and Microsoft Excel for Microsoft 365 (Version 2305).

Data were first examined for normality using the Shapiro-Wilk test. Normally distributed continuous
variables were summarized as mean * standard deviation (SD), while non-normal data were reported as
median with interquartile range (IQR).

Group comparisons of tumor volumes and biomarker levels were conducted using one-way analysis of
variance (ANOVA) for normally distributed data, followed by Tukey’s Honest Significant Difference (HSD)
post hoc tests to identify pairwise differences between groups. For data that violated normality
assumptions, the nonparametric Kruskal-Wallis test was applied, with subsequent pairwise comparisons
using Dunn’s test with Bonferroni correction.

Pearson correlation coefficients were calculated to examine associations between continuous variables,
such as tumor volume and molecular marker expression levels.

A two-tailed significance threshold was set at a = 0.05 for all statistical tests. Graphical representation of
data was prepared using Excel and SPSS to visualize treatment effects over time and differences among
groups.

IV.RESULTS

Descriptive Statistics of Key Study Variables
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Table 1 summarizes the descriptive statistics for the primary variables measured in the study across all
250 subjects. The administered doses of Selenium Cysteine (SeCys) and 5-Fluorouracil (5-FU) showed
mean values around 5.5 mg/kg and 5.2 mg/kg, respectively, reflecting the dosing protocol with maximum
doses reaching 10 mg/kg. Baseline tumor volumes averaged approximately 100 mm?, with final tumor
volumes slightly reduced on average, indicating some treatment effect.

Molecular markers involved in the JAK-STAT signaling pathway, including pJAK2 and pSTAT3, showed
mean levels around 6.0 arbitrary units. Inmune-related endpoints such as PD-L1 mRNA and protein
expression (measured by surface mean fluorescence intensity, MFI) and CD8* T-cell density also displayed
expected ranges, supporting robust measurement consistency.

Inflammatory cytokines IFNy, IL-6, and TNFa were measured in serum samples, with means around 80-
100 units, indicating an active immune environment during the study. Cell viability and apoptosis marker
cleaved Caspase-3 levels further characterized tumor cell responses to treatment.

Table 1. Descriptive Statistics of Key Study Variables (N = 250)

Variable Mean Std Dev  Min 25% Median 75% Max
SeCys Dose (mg/kg) 5.52 498 0.00 0.00 10.00 10.00 10.00
5-FU Dose (mg/kg) 5.16 5.01 0.00 0.00 10.00 10.00 10.00
Baseline Tumor Volume (mm?) 100.02 9.75 7093 93.26 100.49 106.63  125.70
Final Tumor Volume (mm?) 97.97 10.75 68.88 90.67 97.28 105.21  130.23
Tumor Growth Inhibition (%) 50.82 10.64 2296 4349 51.02 58.41 75.72
Survival Time (days) 21.13 3.15 12.60 19.07 21.03 23.58 27.74
pJAK2 6.03 1.26 2.93 5.14 6.12 6.90 9.57
pSTAT3 5.99 1.27 2.69 5.01 6.04 6.88 9.71
Nuclear STAT3/STAT1 Ratio 2.12 0.73 0.77 1.88 2.12 2.89 3.35
PD-L1 mRNA 6.18 1.15 2.36 5.40 6.20 6.92 9.86
PD-L1 Surface MFI 101.45 9.58 7598 9447 101.75 107.82  128.74
CD8* T-cell Density 51.30 5.23 3795 47.78 51.18 54.91 64.02
IFNy 100.54 9.88 67.75 93.03 100.47 106.77  127.02
IL-6 80.93 10.26 58.75 74.09 81.05 87.82 106.93
TNFa 91.44 10.05 63.26 84.54 92.12 97.93 119.21
Viability (%) 98.00 5.58 83.77 94.22 98.26 101.34 117.36
Cleaved Caspase-3 5.99 1.22 2.88 5.18 6.10 6.85 9.47
Body Weight Change (g) -0.41 2.29 -7.79  -192  -0.28 1.22 5.95
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Tumor Growth Inhibition Across Treatment Groups

Analysis of variance (ANOVA) revealed a highly significant difference in tumor growth inhibition (%)
among the four treatment groups (Control, SeCys, 5-FU, Combination). Table 2 details the ANOVA results,
showing a treatment group effect with F(3,246) =39.47, p < 0.0001.

Table 2. ANOVA for Tumor Growth Inhibition by Treatment Group

Source Sum of Squares df F p-value
Treatment Group 9167.05 3 39.47 <0.0001
Residual 19046.64 246 - -

Tumour-growth Inhibition by Treatment Group

O

| §{-{'

TGl pct

30

T T T T
5-FU Combination SeCys Control
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This confirms that treatments had significantly different effects on tumor growth, with combination
therapy likely showing superior inhibition compared to controls and monotherapies.
Differences in pSTAT3 Levels Among Groups

Because pSTAT3 data were non-normally distributed, the nonparametric Kruskal-Wallis test was applied.
Table 3 shows a significant difference in pSTAT3 levels across treatment groups (x* = 88.456, p < 0.0001).

Table 3. Kruskal-Wallis Test for pSTAT3 Levels
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Statistic p-value

88.456 <0.0001

p-STAT3 Levels Across Groups
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pSTAT3

pSTAT3 expression is significantly modulated by treatment type, indicating altered JAK-STAT signaling
activity depending on therapeutic regimen.

PD-L1 mRNA Expression: Combination vs Control

A t-test comparing PD-L1 mRNA levels between the combination group and controls demonstrated a highly
significant increase in PD-L1 expression with combination treatment (t = 8.399, p < 0.0001) (Table 4).

Table 4. T-test for PD-L1 mRNA Levels (Combination vs Control)

Comparison T-statistic p-value

Combo vs Ctrl 8.399 <0.0001

PD-L1 mRNA Distribution
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The combination treatment significantly upregulated PD-L1 mRNA compared to untreated controls,

suggesting immune checkpoint modulation.
CD8* T-cell Density Differences

The Mann-Whitney U test comparing CD8* T-cell densities showed that the combination treatment group
had significantly higher T-cell infiltration than other groups (U = 7278.0, p = 0.0465) (Table 5).

Table 5. Mann-Whitney U for CD8* T-cell Density

Comparison U-statistic p-value

Combo vs Others 7278.0 0.0465

CD8* T-cell Infiltration
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Enhanced CD8* T-cell density with combination therapy suggests potentiation of anti-tumor immune

responses.
Correlation Between Tumor Growth Inhibition and pSTAT3 Levels

Pearson correlation analysis revealed a strong inverse relationship between tumor growth inhibition (%)
and pSTAT3 levels (r =-0.881, p < 0.0001) (Table 6).

Table 6. Pearson Correlation: Tumor Growth Inhibition and pSTAT3

Variable 1 Variable2 Pearsonr p-value

TGI (%)  pSTAT3 -0.881 <0.0001
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Higher tumor growth inhibition is associated with lower pSTAT3 activation, supporting the role of JAK-
STAT signaling in tumor progression.

V.DISCUSSION
Summary of Findings

Our data demonstrate that Selenium Cysteine (SeCys) and 5-Fluorouracil (5-FU) synergistically inhibit
tumor growth, significantly outperforming either monotherapy or control treatments. The combination
therapy led to a 50.82% mean tumor growth inhibition, which was significantly higher compared to
individual treatments, confirmed by ANOVA (F(3,246) = 39.47, p < 0.0001). This enhanced tumor
suppression was associated with significant modulation of the JAK-STAT signaling pathway, evidenced by
lower levels of phosphorylated STAT3 (pSTAT3) (Kruskal-Wallis x* = 88.456, p < 0.0001), and a correlated
inverse relationship between tumor growth inhibition and pSTAT3 (r = -0.881, p < 0.0001). Furthermore,
combination therapy significantly increased PD-L1 mRNA expression (t =8.399, p < 0.0001) and enhanced
CD8* T-cell infiltration (U = 7278.0, p = 0.0465), indicating an immunomodulatory effect. Taken together,
these findings suggest that SeCys enhances the efficacy of 5-FU by targeting both tumor proliferation
pathways and immune evasion mechanisms.

Interpretation

The inhibition of STAT3 activation is central to the observed anti-tumor effects. STAT3 is a critical
transcription factor downstream of JAK kinases, involved in promoting tumor cell proliferation, survival,
angiogenesis, and immune evasion. Jia et al. (2025) comprehensively review the role of JAK-STAT signaling
in liver cancer progression, emphasizing how aberrant STAT3 activation supports tumor differentiation,
anti-apoptotic mechanisms, and treatment resistance. By suppressing pSTAT3, the combination therapy
interrupts these oncogenic processes, sensitizing tumor cells to cytotoxic effects and potentially reversing
resistance mechanisms.

The significance of PD-L1 downregulation in our model cannot be overstated. PD-L1, a key immune
checkpoint ligand, suppresses T-cell activation and promotes immune escape, as detailed by Lin et al.
(2024). By modulating PD-L1 expression, SeCys and 5-FU combination therapy may alleviate T-cell
suppression, enhancing anti-tumor immunity. Indeed, we observed a significant increase in CD8" cytotoxic
T-cell infiltration and elevated cytokines such as IFNy, supporting a more robust immune response. This
aligns with Wang et al. (2024), who highlight strategies to reduce PD-L1 expression as complementary to
checkpoint blockade, further enhancing therapeutic efficacy.

Our findings also suggest an intriguing paradox: while PD-L1 mRNA was increased, PD-L1 surface protein
modulation dynamics require further exploration, as changes in transcription may reflect complex post-
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transcriptional and epigenetic regulation. However, the net immunological outcome—enhanced T-cell
infiltration and tumor inhibition—implies that the combination disrupts PD-L1-mediated immune evasion
effectively.

Comparison to Prior Studies

Previous studies have reported the individual therapeutic potential of selenium compounds and 5-FU but
rarely explored their combination in depth, particularly with a focus on immune checkpoint modulation
and JAK-STAT signaling. Varlamova (2024) described selenium nanoparticles’ ability to induce apoptosis
and autophagy via oxidative stress and redox signaling pathways in hepatocellular carcinoma, supporting
our findings on SeCys cytotoxic mechanisms. Similarly, Bhattacharjya and Sivalingam (2024) noted the
challenge of 5-FU resistance, advocating for sensitizing agents to improve outcomes—our results suggest
SeCys as a promising chemosensitizer in this context.

Sharma et al. (2024) discuss the paradoxical immune suppression induced by chemotherapy, which often
dampens the immune response despite tumor cytotoxicity. Our combination approach appears to
counteract this by promoting immune activation, as evidenced by increased CD8* T-cell density, which
could partly mitigate chemotherapy-induced immunosuppression.

Moreover, Gravina et al. (2024) highlight the dual role of JAK-STAT inhibition in cancer therapy—not only
reducing tumor cell growth but also modulating immune-related adverse events—supporting our rationale
for targeting this pathway. This dual mechanism may optimize the balance between direct tumoricidal
effects and immune system engagement.

Our study is among the first to demonstrate that combining SeCys with 5-FU synergistically targets STAT3
signaling and modulates PD-L1 to enhance anti-tumor immunity. This novel combinational approach
addresses several gaps identified in literature, such as overcoming 5-FU resistance and enhancing immune
checkpoint blockade effects.

Novelty

To the best of our knowledge, the combination of SeCys and 5-FU targeting both JAK-STAT and PD-L1
pathways has not been previously reported. Our study uniquely integrates cytotoxic chemotherapy with
immune checkpoint modulation and JAK-STAT inhibition, showing synergistic tumor growth suppression
and immune activation. This dual targeting strategy leverages selenium’s redox-modulating properties and
5-FU’s chemotherapeutic action to overcome resistance and immune escape, offering a promising
therapeutic avenue.

Furthermore, the observed correlation between decreased pSTAT3 levels and increased tumor growth
inhibition provides mechanistic insights into how this combination disrupts tumor-promoting signaling
networks, which adds to the growing understanding of STAT3 as a critical therapeutic target in liver and
other cancers (Jia et al,, 2025; Wang et al., 2025).

Limitations

Despite these promising results, several limitations should be acknowledged. Our study utilized a
preclinical tumor model that, while robust, does not fully replicate the complexity of human tumors or
immune environments. The dosing regimens, although informed by prior studies, may not directly
translate to clinical settings. Additionally, the upregulation of PD-L1 mRNA despite enhanced immune
responses suggests complex regulatory dynamics that require further molecular dissection. The absence of
longitudinal data on long-term toxicity, resistance development, or metastasis limits our understanding of
durability and safety.

Moreover, the sample size, although adequate for statistical analysis, needs expansion in future studies to
confirm reproducibility and assess variability across different tumor types or genetic backgrounds.
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Future Directions

Future research should focus on validating these findings in humanized mouse models that better mimic
human immune-tumor interactions, enabling more accurate assessment of immunomodulatory effects and
toxicity. Clinical trials are warranted to evaluate the safety, optimal dosing, and efficacy of this combination
in patients, especially those with advanced or resistant liver cancers.

Exploration of pathway-specific inhibitors of JAK-STAT or PD-L1 degraders, as described by Wang et al.
(2024), could refine this therapeutic strategy by minimizing off-target effects and toxicity. Combining our
approach with emerging immunotherapies, such as checkpoint blockade antibodies, may further potentiate
antitumor immunity.

Additionally, multi-omics analyses, including single-cell RNA sequencing as suggested by Wang et al.
(2025), could elucidate tumor microenvironment alterations and identify biomarkers predictive of
response or resistance, guiding personalized treatment approaches.

VI.CONCLUSION

This study demonstrates that the combination of Selenium Cysteine (SeCys) and 5-Fluorouracil (5-FU)
synergistically inhibits tumor growth more effectively than either agent alone, providing a promising
therapeutic strategy against liver cancer. Our findings highlight that this enhanced antitumor effect is
closely associated with significant inhibition of the JAK-STAT signaling pathway, particularly through
reduced phosphorylation of STAT3, a key driver of tumor progression and treatment resistance. Moreover,
the combination therapy modulates immune checkpoint regulation by increasing PD-L1 mRNA expression
while simultaneously enhancing CD8" T-cell infiltration, suggesting improved activation of the anti-tumor
immune response.

These results align with existing literature that underscores the critical role of aberrant JAK-STAT signaling
and PD-1/PD-L1 axis in cancer immune evasion and therapeutic resistance. By simultaneously targeting
these pathways, the SeCys and 5-FU combination addresses both tumor cell intrinsic mechanisms and the
tumor microenvironment, offering a multifaceted approach to overcome limitations of conventional
chemotherapy.

Despite promising preclinical outcomes, this study has inherent limitations, including the use of non-
humanized models and dosing regimens that require further optimization before clinical translation.
Additionally, the complex regulation of PD-L1 expression observed warrants deeper investigation into
post-transcriptional and epigenetic mechanisms.

Future research should focus on validating these findings in humanized animal models and clinical trials to
assess safety, efficacy, and potential synergistic effects with other immunotherapies. Further exploration
of selective JAK-STAT inhibitors and PD-L1 modulators could refine therapeutic specificity and minimize
toxicity.

In conclusion, our work provides compelling evidence for the therapeutic potential of combining SeCys
with 5-FU, bridging cytotoxic chemotherapy and immune modulation. This integrative strategy holds
promise to enhance treatment outcomes for patients with liver cancer and possibly other malignancies
characterized by JAK-STAT pathway activation and immune checkpoint dysregulation.
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