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Abstract: Chimeric Antigen Receptor (CAR) T-cell therapy has revolutionized the treatment
of hematological malignancies, demonstrating high efficacy in targeting and eliminating
cancer cells. However, its clinical application can be associated with the risk of acute
adverse effects, including cytokine release syndrome (CRS), a severe inflammatory response
caused by excessive cytokine production. While anti-cytokine therapies are available
to manage CRS, additional strategies are needed to optimize CAR T-cell efficacy with
reduced toxicities. Curcumin, a bioactive polyphenol known for its anti-inflammatory and
antioxidant properties, represents a promising adjunct for CAR T-cell therapy. In this study,
we investigated the effects of curcumin on anti-CD19 CAR T-cells in vitro. Our results
show that curcumin enhances the cytotoxic activity of CAR T-cells against Nalm-6, a B-cell
acute lymphoblastic leukemia model, while reducing the production of pro-inflammatory
cytokines, including IL-2 and IFN-y. To explore its underlying mechanisms, network
pharmacology and molecular docking analyses were performed, which revealed that
curcumin interacts with key signaling pathways involved in T-cell activation and cytokine
regulation. These findings support the potential of curcumin as a therapeutic adjunct to
improve CAR T-cell efficacy while mitigating inflammatory toxicity.
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1. Introduction

Curcumin (diferuloylmethane, C»1H9Og), a key polyphenolic compound extracted
from turmeric (Curcuma longa L.), has been utilized in traditional medicine due to its diverse
therapeutic properties [1,2]. Known for its anti-inflammatory and antioxidant properties,
curcumin acts through multiple mechanisms [3]. Several studies have demonstrated that
curcumin targets various signaling molecules that modulate various cellular processes,
including the transcription factor nuclear factor-kappa B (NF-«B), mitogen-activated protein
kinase (MAPK), and the Janus kinase/signal transducer and activator of transcription
(JAK/STAT) pathways, thereby reducing inflammation and oxidative stress [2,4,5].

Recognized for its immune-modulating properties, curcumin also exhibits significant
effects on a wide range of immune cells and organs [4]. For example, studies have reported
that curcumin can modulate proliferation and activation in T-cells. It suppresses T-cell
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proliferation induced by compounds such as concanavalin A (Con A), phytohemagglu-
tinin (PHA), and phorbol-12-myristate-13-acetate (PMA) [6]. At high doses, curcumin
can directly induce T-cell apoptosis and suppress T-cell activation by blocking the IL-2
signaling pathway and/or inhibiting mitogen-triggered activation of NF-kB and AP-1 [6-8].
Its ability to reduce IL-2 production has also been linked to modulation of the NF-«B
pathway [9]. On the other hand, low doses of curcumin can enhance the proliferation
of splenic lymphocytes [10]. This dual modulatory role highlights the dose-dependent
effects of curcumin on T-cells. Despite extensive research on its anti-inflammatory and
immunosuppressive properties, the potential role of curcumin in modulating engineered
T-cells, such as chimeric antigen receptor (CAR) T-cells, remains unexplored.

CAR T-cells, genetically engineered to express chimeric antigen receptors, harness the
potent cytotoxicity of T-cells to target and eradicate cancer cells with precision and effective-
ness [11,12]. Despite its impressive efficacy in treating hematological malignancies, CAR
T-cell therapy is often limited by severe, life-threatening complications, including cytokine
release syndrome (CRS) and CAR T-cell-associated neurotoxicity syndrome (ICANS) [13].
Approximately 70% of patients undergoing CAR T-cell therapy developed severe CRS,
while 40% experienced ICANS [13-16]. These inflammatory toxicities are associated with
elevated levels of pro-inflammatory cytokines, such as IFN-y, IL-2, and IL-6, produced
from CAR T-cells and downstream myeloid cells [17,18]. Particularly, IFN-y and IL-6 are
key cytokines that are consistently elevated in the serum of CRS patients, while IL-2 levels
increase during the early stages of severe CRS and may serve as a potential biomarker
for early detection [19,20]. Recent studies have shown that IL-6 receptor antagonists,
such as tocilizumab, alongside glucocorticoids, can reduce these toxicities and improve
the safety of CAR T-cell therapy [17]. However, careful monitoring and optimized dos-
ing strategies are crucial to minimize potential risks [21-23]. Although tocilizumab has
been linked to an increased risk of infections, particularly in rheumatoid arthritis pa-
tients [24,25], no significant association with infection risk has been reported in patients
treated with CD19 CAR T-cell therapy [26]. Further research is essential to refine the safety
profile of this treatment. Thus, exploring alternative or complementary approaches to miti-
gate inflammatory toxicities while maintaining the therapeutic potency of CAR T-cells is
still needed.

Besides CRS, the efficacy of CAR T-cell therapy is further challenged by the immuno-
suppressive tumor microenvironment (TME), which impairs CAR T-cell function through
multiple mechanisms [27]. Elevated levels of reactive oxygen species (ROS) in the TME are
one of the major contributors to oxidative stress that reduces CAR T-cell persistence and
cytotoxicity [28]. Strategies to mitigate oxidative stress have shown promise in enhancing
CAR T-cell efficacy [29,30]. For example, engineering CAR T-cells to co-express antioxidant
enzymes, such as catalase (CAT), which scavenges hydrogen peroxide (H,O;), has been
reported to reduce T-cell exhaustion and improve anti-tumor activity [28].

As curcumin continues to gain recognition for its potent anti-inflammatory and an-
tioxidant properties in managing chronic inflammatory diseases and oxidative stress, its
application in CAR T-cell therapy presents a novel and synergistic approach to improve
treatment outcomes. In this study, we emphasized the anti-inflammatory and immunomod-
ulatory effects of curcumin on CAR T-cell activity using the Jurkat T-cell line and human
primary T-cells, with Nalm-6 cells as a blood tumor model. Our results show that curcumin
modulates the CAR T-cell function in a dose-dependent manner. To further investigate the
underlying mechanisms, network pharmacology and molecular docking analyses were
performed, identifying key target proteins and pathways involved in cytokine regulation
and immune modulation. Our findings demonstrate the potential of curcumin to benefit
CAR T-cell therapy by enhancing cytotoxicity while modulating inflammation. This dual
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effect suggests that integrating natural compounds like curcumin could improve the safety
and efficacy of CAR T-cell therapy.

2. Materials and Methods
2.1. Cell Culture

Fetal bovine serum (FBS) (Gibco, 10438026), Dulbecco’s modified Eagle medium
(DMEM) (Gibco, 11995115), Roswell Park Memorial Institute Medium (RPMI 1640) (Gibco,
22400105), and penicillin-streptomycin (P/S) (Gibco, 15140122) were purchased from Gibco
(Thermo Fisher Scientific, Waltham, MA, USA). Cell lines, including human embryonic
kidney: HEK 293T (CRL-3216), human acute T-cell leukemia: Jurkat (TIB-152), and human
acute lymphoblastic leukemia: Nalm-6 (CRL-3273) were purchased from American Tissue
Culture Collection (ATCC, Manassas, VA, USA). The Nalm-6 cell line engineered to express
firefly luciferase (Fluc) was from [31]. HEK 293T-cells were cultured in DMEM with 10%
FBS and 1% P/S at a seeding density of 1-4 x 10° cells per 100 mm culture dish. Cells
between passages 5 and 15 were used for experiments. Jurkat and Nalm-6 cells were
cultured in RPMI 1640 with 10% FBS and 1% P/S at a density of 0.5-2 x 10° cells/mL. Cells
were used between passages 5 and 20. Primary human T-cells were cultured in complete
RPMI 1640, supplemented with 100 U/mL recombinant human IL-2 (PeproTech, 200-02,
Thermo Fisher Scientific, Waltham, MA, USA) and used within three weeks after thawing.
All cells were incubated at 37 °C in a humidified 5% CO;, incubator, and viability was
assessed using acridine orange/propidium iodide (AO/PI).

2.2. Curcumin

Curcumin powder (Sigma-Aldrich, St. Louis, MO, USA, product number: C7727, batch
number: SLCP4071) was dissolved in DMSO (Sigma-Aldrich, D2650). It was diluted with the
complete RPMI 1640 to the final concentration of 1, 5, 10, 25, 50, 100, and 200 uM for each
experiment as indicated. Curcumin was diluted in fresh media before each experiment.

2.3. Quantification of CD69 Expression in Jurkat Cells

Jurkat cells transduced with a lentiviral containing anti-CD19 CAR eGFP construct
were co-cultured with Nalm-6 cells for 24 h, supplied with different concentrations of
curcumin. At 24 h, the cells were stained with an anti-human CD69 antibody conjugated
with APC (BioLegend, 310910, San Diego, CA, USA) and analyzed via flow cytometry
(BD Accuri C6, Franklin Lakes, NJ, USA). eGFP* cells (representing the engineered Jurkat
cells) were gated for analysis of CD69 expression. Non-engineered Jurkat cells co-cultured
with Nalm-6 cells were stained with the same antibody to generate the CD69* (APC™) gate.
eGFP stands for enhanced green fluorescent protein. At least three biological replicates
were included in this study

2.4. Isolation and Culture of Primary Human T-Cells

Human peripheral blood mononuclear cells (PBMCs) were extracted from buffy coats
using a lymphocyte separation medium (Corning, 25-072-CV, Corning, NY, USA) following
the manufacturer’s protocol and previous reports [31,32]. Briefly, a Pan T-cell Isolation Kit
(Miltenyi, 130-096-535, Bergisch Gladbach, Germany) was used to separate primary human
T-cells from PBMCs. On day 1, the primary T-cells were activated with Dynabeads Human
T-Expander CD3/CD28 (Gibco, 11141D) in complete RPMI medium with 100 IU/mL IL-2.
On day 3, these activated primary T-cells were transduced with lentivirus concentrated
with Lenti-X™ Concentrator (Takara, 631232, Shiga, Japan), followed by spinoculation in a
96-well plate coated with Retronectin (Takara, T100B). On day 6, Dynabeads were removed,
and T-cells were further expanded. To enrich T-cells containing CAR, these transduced
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T-cells were then sorted using FACS (Sony Biotechnology, San Jose, CA, USA). On days
8-10, CAR T-cells were used for downstream assays.

2.5. Luciferase-Based Cytotoxicity Assay

The cytotoxicity of CAR T-cells was measured using a firefly luciferase-based assay [32].
Briefly, CAR T-cells (effector) were co-cultured with Fluc-expressing Nalm-6 cells (target) at
varying effector-to-target (E:T) ratios in 96-well plates. Each well contained 200 uL of complete
RPMI medium supplemented with different concentrations of curcumin. The number of Fluc-
expressing Nalm-6 cells was fixed at 1 x 10° cells per well, while the number of CAR T-cells
varied according to the designated E:T ratio. After 24 h of co-culture, luminescence was measured
using the Dual-Luciferase Reporter Assay System (Promega, E1910, Madison, WI, USA) on
a TECAN Infinite M200 Pro plate reader. The luminescence signals represent the number of
surviving Nalm-6 tumor cells, and cytotoxicity (%) of CAR T-cells was calculated as follows:
Cytotoxicity (%) = [1 — Luminescence (CAR T + Target)/Luminescence (Target only)] x 100. At
least three biological replicates were included in the study.

2.6. Quantification of Cytokine Production

The supernatant resulting from the co-culture of CAR T-cells and Fluc-expressing
Nalm-6 cells was collected. The concentrations of cytokines IFN-y, IL-2, and IL-6 were
measured using the ELISA kits (Biolegends, 430107, 431807, and 430507, respectively)
following the manufacturer’s protocols.

2.7. Identification of Curcumin Targets in CAR-Related Signaling Pathways

The canonical SMILES representation of curcumin was obtained from the Pub-
Chem database (PubChem CID: 969516; https:/ /pubchem.ncbinlm.nih.gov/; accessed
on 22 November 2024) and used as input for SwissTargetPrediction [33] (http://www.
swisstargetprediction.ch/; accessed on 22 November 2024; probabilities greater than 0) and
SuperPred [34] (https:/ /prediction.charite.de/; accessed on 22 November 2024; probabili-
ties greater than 50%) to predict potential curcumin targets. These analyses identified one
hundred and forty-nine potential curcumin targets, with nine targets overlapping between
the two databases.

To identify proteins involved in CAR-related signaling pathways, we focused on
immune-related pathways that regulate T-cell activity, including the adaptive immune
system, cytokine signaling, and intracellular signaling by second messengers. Proteins
associated with these pathways were extracted from the Reactome database, a curated and
peer-reviewed knowledgebase of biological pathways [35,36]. Moreover, proteins specifi-
cally implicated in CAR-signaling networks were identified and curated from previously
published studies [37-39].

2.8. Protein—Protein Interaction Networks

Curcumin targets identified in each CAR-related signaling pathway were analyzed
using protein—protein interaction networks via the STRING database (https:/ /string-db.
org/; accessed on 15 December 2024) [40]. In these networks, the nodes represent proteins,
and the edges represent protein—protein associations. Each edge color corresponds to
a specific type of interaction evidence, including known interactions (light blue: from
curated databases; pink: experimentally determined), predicted interactions (green: gene
neighborhood; red: gene fusions; blue: gene co-occurrence), and other evidence (light
green: textmining; black: co-expression; purple: protein homology). Only interactions with
a confidence score > 0.700 were included.
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2.9. Functional Enrichment and Pathway Analysis

To investigate the biological functions of curcumin targets, these targets were ana-
lyzed using the web-based bioinformatics resource Database for Annotation, Visualization,
and Integrated Discovery (DAVID, https://david.ncifcrf.gov/; accessed on 8 December
2024) [41,42]. The functional annotation tool was applied to perform Gene Ontology
(GO) enrichment (focusing on Biological Process, BP), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Reactome pathway analyses. The analyses were performed using
default parameters with medium stringency, employing the entire human genome as the
background. Results with a p-value below 0.05 were considered statistically significant.

2.10. Structural Preparation and Molecular Docking of Curcumin and Its Targets

The structural coordinate of curcumin (PubChem CID: 969516) was downloaded from the
PubChem database (https:/ /pubchem.ncbinlm.nih.gov/; accessed on 22 November 2024) and
converted into PDB format using PyMOL (The PyMOL Molecular Graphics System, Version
3.0 Schrodinger, LLC., New York, NY, USA). Energy minimization of the curcumin structure
was subsequently optimized through Argus Lab (http://www.arguslab.com/; accessed
on 22 November 2024) to ensure the stability of the curcumin model. To identify potential
targets of curcumin, 31 protein structures were selected based on their functional relevance
to CAR-related signaling pathways. The completed 3D structures of these curcumin targets
were retrieved from the AlphaFold Protein Structure Database (https://alphafold.ebi.ac.
uk/; accessed on 30 November 2024) and validated against experimentally determined
coordinates from RCSB Protein Data Bank (PDB) (http://www.rcsb.org/; accessed on
7 January 2024), which were obtained via X-ray crystallography, NMR, or cryo-EM. Only
11 experimental structures with less than 20 missing amino acids were included in the
validation (See Table S1).

Molecular docking of curcumin with its protein target was performed using the
HDOCK server, which integrates template-based modeling with ab initio docking [43,44].
The energy-optimized curcumin structure and the PDB files of each protein target were
uploaded into HDOCK to generate protein-ligand interaction models. For each binding
complex, 100 interaction models were generated, and the model with the most negative
docking score was selected, as it showed the most probable binding pose. The docking results
were reported as a relative docking score (A Docking score), with dual-specificity tyrosine-
phosphorylation-regulated kinase 2 (DYRK2, [45]) used as the reference target. The A docking
score of each curcumin-target complex was calculated using the following equation:

A Docking score; = scorepyrka — scorej

where scorepyrky is the docking score of the curcumin—-DYRK2 complex, and i represents
each curcumin-target complex.

2.11. Statistical Analysis

The statistical analyses were performed using MATLAB R2023a (MathWorks, Nat-
ick, MA, USA) or GraphPad Prism version 10.3.1 (GraphPad, San Diego, CA, USA). For
comparisons across multiple groups, a one-way or two-way analysis of variance (ANOVA)
was performed, followed by Tukey’s Honestly Significant Difference (HSD) post hoc test.
Statistical significances were defined as * p < 0.05, ** p < 0.01, and ** p < 0.001. Data are
presented as mean =+ standard deviation (SD) unless stated otherwise. Detailed statistical
information for each experiment was provided in the figure legends and main text.
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3. Results
3.1. Effect of Curcumin Dosage on the Activation of Anti-CD19 CAR Jurkat Cells

To examine the dose-dependent effect of curcumin on cell viability, Jurkat cells ex-
pressing anti-CD19 CAR (CD19CAR Jurkat cells) were cultured in a medium containing
varying concentrations of curcumin. After 24 h, the viability of CD19CAR Jurkat cells
treated with 1, 5, and 10 pM curcumin was comparable to that of cells cultured without
curcumin supplementation (Figure S1). In contrast, higher concentrations of curcumin,
such as 25, 50, 100, and 200 puM, drastically decreased the viability of CD19CAR Jurkat
cells (Figure S1). These findings demonstrated a dose-dependent relationship between
curcumin and cell viability. Given that the lower concentrations of curcumin (1, 5, and
10 uM) had no detrimental impact on cell viability within 24 h, this range was chosen for
subsequent experiments.

The activation of CAR T-cells in the presence of tumor cells was evaluated by measur-
ing CD69 expression, an early T-cell activation marker. Co-culturing of CD19CAR Jurkat
cells and CD19-expressing Nalm-6 tumor cells showed that a curcumin concentration
of 1 uM significantly increased CD69 expression compared to the control group (0 uM
curcumin). Conversely, a higher concentration of curcumin (10 uM) resulted in decreased
CD69 expression (Figure 1A,B). These results suggested that low doses of curcumin (1 uM)
enhanced T-cell activation in engineered Jurkat cells, whereas higher concentrations (10 uM)
attenuated this effect. Notably, the intermediate concentration of 5 uM yielded inconsistent
results between two E:T ratios and was therefore excluded from further analysis.
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< 801 i 5
e 5  1uM 70.3 1uM 58.0
2 60 - ¥e]
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S € 5uM 628 | 5uM 49.4
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() ] = . ‘
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(uM) 1 e 102 10¢ 106 102 10¢ 10
' ' CD69-APC
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Figure 1. Influence of curcumin on CD69 expression in CD19CAR Jurkat cells. (A) Percentage of
CD69* CD19CAR Jurkat cells (effector) co-cultured with CD19-expressing Nalm-6 cells (target) at
different effector-to-target (E:T) ratios, supplemented with varying concentrations of curcumin. Bar
heights and error bars represent mean of three biological replicates + SD. Two-way ANOVA followed
by Tukey’s HSD test was used. Asterisks indicate significant differences compared to the untreated
control (* p < 0.05; *** p < 0.001; ns, not significant). (B) Representative flow cytometry histograms
illustrating CD69 expression corresponding to the data shown in (A).

3.2. Effect of Curcumin on Cytotoxicity and Cytokine Release

The effect of curcumin on the cytotoxic activity of CAR T-cells against blood tumors
was examined using a luciferase-based cytotoxicity assay. Anti-CD19 CAR-expressing
primary T-cells were co-cultured with Fluc-expressing Nalm-6 cells in the presence of
curcumin for 24 h (Figure 2A). The result showed that cytotoxicity increased with higher
E:T ratios, and the curcumin concentration significantly influenced CAR T-cell function.
The post hoc analysis revealed that treatment with 10 uM curcumin significantly enhanced
CAR T-cell-mediated cytotoxicity at low E:T ratios (1:20, p = 0.0002; 1:10, p = 0.0012),
whereas 1 pM curcumin had no effect compared to the untreated control (Figure 2B). In
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addition, luminescence assays confirmed that curcumin (1-10 uM) did not directly affect
Nalm-6 cell viability (Figure 2C), indicating that the observed increase in cytotoxicity was
due to CAR T-cell modulation rather than direct tumor cell toxicity. To further investigate
the immunomodulatory effect of curcumin, cytokine levels in the co-culture supernatants
were quantified (Figure 2D-F). Treatment with 10 uM curcumin selectively reduced the
secretion of IFN-y and IL-2, particularly at low E:T ratios, while IL-6 levels remained
unchanged. Our findings indicated that curcumin, especially at 10 uM, modulates CAR
T-cell function by enhancing cytotoxic activity and selectively suppressing the release of
pro-inflammatory cytokines. This dual effect suggests the potential use of curcumin as
an adjunct immunotherapeutic agent to improve the efficacy of CAR T-cell therapy while
reducing cytokine-related toxicity.
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Figure 2. Impact of curcumin on cytotoxicity and cytokine release in CD19CAR-expressing primary
T-cells. (A) Schematic representation of the assays used to access the functionality of CD19CAR
T-cells, including cytotoxicity and cytokine release, in the presence of curcumin. (B) Quantification of
cytotoxicity of CD19CAR T-cells (effector) co-cultured with Nalm-6 cells (target) at varying effector-to-
target (E:T) ratios and curcumin concentrations. (C) Normalized luciferase intensity of Fluc-expressing
Nalm-6 cells treated with different curcumin concentrations. (D-F) Levels of cytokines (IFN-y, IL-2,
and IL-6) released during the co-culture of CD19CAR T-cells with Nalm-6 cells. Bar heights and
error bars in (B-F) represent mean of three biological replicates £ SD. Two-way ANOVA followed by
Tukey’s HSD test was used in (B,D-F), while one-way ANOVA with Tukey’s HSD test was used in
(C) (* p <0.05; ** p < 0.01; *** p < 0.001; unlabeled comparisons indicate no significant difference).

3.3. Pathway Analysis of CAR T-Cells Modulated by Curcumin

Using network pharmacology, we further investigated the impact of curcumin on
pathways involved in CAR T-cell activity. A total of 149 curcumin targets, identified from
the SwissTargetPrediction and the SuperPred databases, were analyzed against CAR T-
cell-related pathways [35-39]. These targets were associated with cytokine signaling in the
immune system (28 targets, Figure 3A), the adaptive immune system (12 targets, Figure 3B),
and CAR-signaling networks (9 targets, Figure 3C). Interestingly, the inhibitor of nuclear
factor kappa-B kinase (IKK) complex, including IKK-o (encoded by the CHUK gene), IKK-3
(encoded by the IKBKB gene), and IKK-y (encoded by the IKBKG gene), was present in all
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pathways. This indicated the crucial role of curcumin in modulating the NF-«B signaling,
which is essential during CAR T-cell activation. Blocking the IKK complex could lead
to lower cytokine levels, as observed in Figure 2D,E. In addition, RAF-1 proto-oncogene
(encoded by the RAF1 gene) and RAC-alpha serine/threonine-protein kinases (encoded
by the AKT1 gene), which are key components of MAPK/ERK and PI3K/AKT pathways,
respectively, were also shared across all three pathways, supporting the potential role of
curcumin in modulating CAR T-cell function.
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Figure 3. Network pharmacology analysis of curcumin in pathways relevant to CAR T-cells. (A-C)
Venn diagrams displaying curcumin targets that overlap with proteins involved in CAR T-cells-
related pathways: (A) cytokine signaling in immune system, (B) adaptive immune system, and
(C) CAR-signaling networks. Overlapping targets are visualized in the protein—protein interaction
networks constructed using the STRING database. Nodes represent proteins, and edges represent
functional associations with a high confidence score (>0.700). Functional enrichment analyses of
overlapping targets, including results from GO Biological Process, KEGG, and Reactome pathways,
are presented as bubble plots. Bubble size corresponds to the number of targets, and bubble height
reflects —log10(p-value). For KEGG, only ten representative enriched pathways that are not related
to diseases are shown. Full analyses are available in Figures S2, S3, and 54, respectively.

Enrichment analyses using the GO, KEGG, and Reactome databases were conducted
to explore the biological and functional implications influenced by curcumin. Among the 28
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curcumin targets in cytokine signaling (Figure 3A and Figure S2), we identified enrichment
in pathways related to inflammatory response (from GO), chemokine signaling pathway
(from KEGG), and signaling by interleukins (from Reactome). Similarly, the analysis of
12 targets in the adaptive immune system (Figure 3B and Figure S3) indicated potential
modulation of T-cell activation and immune responses, mainly through canonical NF-«B
signal transduction (GO), T-cell receptor signaling pathway (KEGG), and signaling by
interleukins (Reactome). Furthermore, the analysis of nine targets in CAR-signaling net-
works (Figure 3C and Figure 54) was associated with canonical NF-«B signal transduction
(GO), B cell receptor signaling pathway (KEGG), and cytokine signaling in the immune
system (Reactome). Notably, these curcumin targets also showed enrichment in chemical
carcinogenesis—reactive oxygen species (ROS) from KEGG analysis.

In addition to CAR T-cell-related pathways, we investigated the effect of curcumin on
intracellular signaling by second messengers. Curcumin was found to bind 11 intracellular
signaling proteins, which were involved in various signaling pathways, such as insulin
receptor signaling (GO), JAK/STAT or PI3K/AKT signaling (KEGG), and PI3K/AKT
or MAPK-related signaling (Reactome) (Figure S5). As a result, our analysis suggests
that curcumin can modulate key pathways involved in CAR T-cell activation, cytokine
production, oxidative stress, and intracellular signaling, potentially influencing CAR T-cell
persistence, efficacy, and exhaustion.

3.4. Identification of Potential Curcumin Targets Through Molecular Docking

The strength of the interaction between curcumin and its targets reflects their potential to
influence biological pathways. To assess this, molecular docking was performed to computa-
tionally determine the binding affinity of curcumin with its 31 identified targets involved in
CAR T-cell-related pathways (Figure 4A). DYRK2 was chosen as the reference target due to
its strong binding with curcumin, which inhibits DYRK2 with an ICsy of 5 nM in vitro [45].
The full-length protein structures of each target were retrieved from the AlphaFold Protein
Structure Database. Among the docking results, 12 curcumin targets demonstrated higher
A docking scores than the control DYRK?2, indicating stronger interaction with curcumin.
For example, monoamine oxidase A (MAO-A) showed the strongest binding, followed by
chemokine receptors (e.g., CCR1 and CCR2), the IKK complex (e.g., IKK-$ and IKK-«),
and inflammation-related proteins (e.g., APP, ALOX5, ADAM17, and SPHK1). Interest-
ingly, recent studies reported the significant role of MAO-A in regulating T-cell function
within the tumor microenvironment, and its inhibition enhanced T-cell-mediated antitu-
mor immunity [46]. To validate the molecular docking results of curcumin with protein
structures generated by AlphaFold, docking recalculations were performed under identical
conditions on 11 experimentally determined protein structures from the PDB database.
Most docking results showed similar binding affinities of curcumin across various targets,
with differences in docking scores between experimental and predictive structures below
7% (Table S1). These minimal variations confirmed the structural reliability of predictive
protein models generated by AlphaFold.

Further functional analysis of the 12 high-scoring targets was conducted using the
GO, KEGG, and Reactome databases (Figure 4B and Figure S6). The GO Biological Process
analysis identified key pathways involved in CAR T-cell activation and inflammatory
responses, including protein phosphorylation and TNF-mediated signaling. The KEGG
pathway analysis further underscored the involvement of chemokine and TNF signaling
pathways, which could influence CAR T-cell-mediated inflammation. In addition, the
Reactome analysis revealed significant enrichment in cytokine signaling, interleukin sig-
naling, and TRAF6-mediated NF-«kB activation, all of which are critical for CAR T-cell
function. These findings are consistent with our cytotoxicity assays, which demonstrated
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that curcumin (10 M) enhances CAR T-cell-mediated killing while reducing the secretion
of pro-inflammatory cytokines, such as IFN-y and IL-2. Together, these analyses provided
mechanistic insights into the immunomodulatory effects of curcumin and its potential to
enhance the therapeutic efficacy of CAR T-cell therapy.

A 40
—~ 20 1
o)
<}
s o0-rTrrr—r—-r-rrr-r—Tr—TTr—r
a NQ QT @O~ NN NSNS = N®OLWL >
o 0 [SRERE I B 8 828 E2ESERS
£ 289830t R EPUL FTQL 22000 3K
S = < a o o 0z® Twgp = %o
8 —-40 <
3 Adaptive Immune System
—60 Cytokine Signaling in Immune System
CAR Signaling Networks
-80
B 12 4 Cytokine Signaling in
Immune system
§ Chemokine Signaling by Interleukins
c_;s 8 1 protein phosphorylation signaling pathway
& inflammatory response Human cytomegalovirus Immune System
S “TNF-mediated infection
8’ 4 4 ! signaling pathway TNF signaling
- pathway / []
|
0
GO KEGG Reactome

Figure 4. Molecular docking analysis and functional enrichment of curcumin targets. (A) Interaction
strength between curcumin and its target proteins, ranked by the difference in docking scores relative
to the control (DYRK?2). Colored circles above each target indicate the pathways associated with
respective targets. (B) Functional enrichment analysis of the 12 curcumin targets with stronger
interactions than the control. The bubble plot displays enrichment results from GO Biological Process,
KEGG, and Reactome pathways. Bubble size corresponds to the number of targets, and bubble height
represents —log10 (p-value).

4. Discussion

Curcumin is widely recognized for its pharmacological benefits, mainly due to its
diverse biological activities [1,2,4]. Among these, its anti-inflammatory effects are par-
ticularly notable, as curcumin suppresses inflammatory cytokines and chemokines via
dose-dependent antioxidant mechanisms that downregulate key transcription factors, such
as NF-«kB, STAT-1, and STAT-3 [47-49]. These properties present a promising way for
addressing the inflammatory toxicities associated with CAR T-cell therapy. In this study,
we investigated the effects of curcumin on CAR T-cell therapy in vitro. The cytotoxicity
assay revealed that curcumin-treated CAR T-cells exhibited enhanced tumor-killing abil-
ity despite reduced cytokine secretion. To explore the underlying mechanism, we then
utilized network pharmacology and molecular docking analyses. Our findings suggest
that curcumin modulates CAR T-cell function by targeting pathways involved in cytokine
production, T-cell activation, and oxidative stress. These results highlight the potential
of curcumin to enhance CAR T-cell-mediated immune responses against cancer while
reducing inflammatory toxicities associated with CAR T-cell therapy.

Our findings show that curcumin can modulate CAR T-cell function in a dose-dependent
manner. At concentrations below 10 uM, curcumin did not compromise CAR T-cell via-
bility, whereas concentrations exceeding 25 uM exhibited toxicity to T-cells. This aligns
with previous studies reporting that a high-dose curcumin (e.g., 20 pg/mL, equivalent to
54.3 uM) can directly induce T-cell apoptosis [6,8]. Furthermore, we found that 10 uM cur-
cumin significantly enhanced the cytotoxicity of CAR T-cells against blood cancer cells
while reducing cytokine secretion, including IFN-y and IL-2. This is consistent with previ-
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ous studies showing that curcumin (2 pg/mL or 5.4 tM) modulates CD4* T-cell activation,
induced by CD2/CD3/CD28 stimulation, by suppressing early activation processes, such
as proliferation, differentiation, and cytokine production, while promoting the expression
of activation markers, such as CD69 and TGF-{31, in later activation stages [8]. In addition
to cytokine production, CAR T-cell-mediated tumor killing relies on proteolytic proteins
secreted by CD8" T-cells, such as granzyme and perforin [50]. Previous studies indicate
that curcumin supports proteolytic activity and enhances immune-mediated tumor cell
killing by preventing tumor-induced reduction in granzyme and perforin levels in CD8*
cytotoxic T-cells [51]. As a result, our findings suggest that curcumin not only mitigates
inflammation by modulating CD4" T-cell activity but also sustains CAR T-cell cytotoxicity
by preserving CD8" T-cell function.

The co-stimulatory domains in CARs, such as CD28 and 4-1BB, which play unique
roles in T-cell activation and persistence, may respond to curcumin in distinct ways. CD28
facilitates LCK-mediated phosphorylation of the CD3( chain, promoting immediate T-cell
activation and rapid tumor-killing by CAR T-cells [52,53]. This domain is linked to several
intracellular signaling cascades, including the PI3K, NF-kB, AP-1, and NFAT pathways,
which regulate T-cell proliferation and survival [54,55]. In contrast, 4-1BB signaling re-
cruits the THEMIS/SHP1 phosphatase complex to attenuate CD3(-chain phosphorylation,
contributing to enhanced T-cell survival and persistence [52,53]. The 4-1BB domain also
promotes CAR T-cell survival through non-canonical NF-«B signaling during CAR ac-
tivation [56]. Using network pharmacology, we identified curcumin-targeted molecules
and associated pathways to explore the mechanisms by which curcumin enhances CAR
T-cell killing while reducing cytokine levels. Our molecular docking analysis showed that
curcumin targets the IKK complex where it binds most strongly to IKK-f3, followed by
IKK-o, with weak binding to IKKy. Blocking IKK complexes inhibits downstream NF-xB
signaling, leading to apoptosis, decreased cytokine production, and suppression of T-cell
activation [57]. These findings support that curcumin may interfere with canonical NF-xB
signaling by potentially binding to IKKf3 and IKK, thereby attenuating pro-inflammatory
responses. This is consistent with our cytokine assays, which demonstrated that 10 uM
curcumin significantly reduced the levels of IFN-y and IL-2.

Curcumin also inhibits Ca?* signaling, which is essential for T-cell activation [49]. It
functions as a Ca?* channel blocker by reducing ionomycin-induced cytosolic Ca?* influx
through CRAC channels and limiting Ca" release from the ER, possibly via inhibition
of the IP3 receptor, with an ICsg of 10 uM [58]. At a concentration of 14 uM, curcumin
suppresses 50% of ionomycin- or a-CD3-induced Ca?* release from the ER [49], which
contributes to the inhibition of the NF-kB pathway [52,59]. While NF-«B is crucial for T-cell
activation and survival, our findings suggest that low-dose curcumin modulates CAR
T-cell activation thresholds without complete suppression. By reducing the production
of IFN-y and IL-2, curcumin offers benefits for CAR T-cell therapy by mitigating T-cell
exhaustion and prolonging T-cell activation, which could improve the long-term efficacy
of the treatment. However, further investigation is needed to understand the long-term
effects of curcumin on CAR T-cell function and persistence.

In addition to targeting the IKK complex and modulating the NF-«B pathway to reduce
cytokine production, curcumin exhibits antioxidant properties that mitigate oxidative
stress [60]. Beyond directly scavenging ROS, curcumin disrupts the interaction between
Kelch-like ECH-associated protein 1 (KEAP1) and nuclear factor erythroid 2-related factor
2 (NRF2), leading to NRF2 activation and the upregulation of antioxidant enzymes [61,62].
This protects T-cells from oxidative stress and exhaustion, potentially enhancing CAR
T-cell persistence and function, particularly within the tumor microenvironment [63,64].



Antioxidants 2025, 14, 454

12 of 16

However, further experimental validation is necessary to explore the antioxidative effect of
curcumin on CAR T-cell efficacy against solid tumors.

Molecular docking revealed strong interactions between curcumin and MAO-A, which
has been recently proposed as an immune checkpoint for cancer immunotherapy [46]. The
MAOA gene is highly expressed in tumor-infiltrating, exhausted CD8 T-cells, especially
those with elevated PD-1, Tim-3, and LAG-3 levels, making them less effective at fighting
cancer [46]. Preclinical studies show that monoamine oxidase inhibitors (MAQOIs) can
enhance T-cell activity and suppress tumors, suggesting their potential for repurposing
these existing drugs as cancer immunotherapies [46]. Consistent with our result, the
inhibitory effect of curcumin on MAO-A may enhance CAR T-cell activation, potentially
improving killing efficiency against Nalm-6 cells. These findings suggest that curcumin
could complement CAR T-cell therapy by reducing exhaustion and supporting sustained
immune responses.

Physiologically relevant models, such as tumor organoids that mimic the tumor
microenvironment or mouse models, are important for studying the effects of curcumin
on the immune system and its impact on CAR T-cell activation and function [51]. The
effects of curcumin on the immune system are multifaceted. For instance, curcumin
has been reported to activate G-protein-coupled receptor 97 (GPR97) on neutrophils in
a glucocorticoid-independent yet additive manner, with its heptadienone moiety being
essential and methoxy groups required for maximal receptor activation, thereby modulating
anti-inflammatory T-cell responses [65]. Furthermore, curcumin modulates macrophage
polarization and inflammation by inhibiting the TLR4-mediated signaling pathway that
leads to reduced activation of NF-«kB and MAPK, which are essential for pro-inflammatory
cytokine production [66]. These immunomodulatory effects suggest that curcumin could
serve as an adjunct therapy to enhance CAR T-cell efficacy.

Curcumin is recognized as generally recognized as safe (GRAS) by the U.S. Food and
Drug Administration (FDA) for human use, with doses up to 12 g/day reported to have
no significant side effects [2,67]. However, its clinical efficacy remains limited due to poor
bioavailability and low systemic concentrations. Following oral administration in humans,
curcumin reached peak serum concentrations within 1-2 h and gradually declined over 12 h,
with average peak levels of 0.51-1.77 uM after doses of 4-8 g [68]. In animal models, curcumin
also exhibits low systemic absorption. The studies in mice showed that an intraperitoneal
dose of 100 mg/kg resulted in a peak plasma concentration of 2.25 pg/mL (6.11 uM), whereas
oral administration of the same dose yielded only 0.22 pg/mL (0.60 uM) [69]. Another study
in rats reported that daily administration of 1.2 g/kg curcumin for 14 days resulted in plasma
concentrations ranging from 0 to 12 nM [70]. Due to variations in experimental conditions,
metabolism, and formulation strategies, a precise correlation between administered cur-
cumin dose and systemic concentrations has not yet been established [71]. To address
challenges, several strategies have been developed, including curcumin—piperine com-
plexes, curcumin nanoparticles, nanoformulations, and liposomal curcumin, which can
enhance the bioavailability of curcumin in animal models and improve the therapeutic
potential by enabling better control of systemic curcumin levels [71,72].

5. Conclusions

Curcumin shows potential for enhancing the safety and efficacy of CAR T-cell ther-
apy by modulating inflammatory responses. In our in vitro studies, curcumin (10 puM)
improved CAR T-cell functionality, mitigated inflammatory toxicities, and bioinformatics
analysis suggested its potential to prevent T-cell exhaustion, thereby supporting long-term
therapeutic benefits. However, further investigation of the in vivo effects of curcumin is
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needed to comprehensively understand its therapeutic potential. Our findings provide a
foundation for exploring curcumin as an adjunctive strategy in CAR T-cell therapy.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/antiox14040454 /s1: Figure S1: Effect of curcumin treatment on
the cell viability; Figure S2: Functional enrichment analysis of curcumin targets in cytokine signaling
in immune system; Figure S3: Functional enrichment analysis of curcumin targets in adaptive
immune system; Figure S4: Functional enrichment analysis of curcumin targets in CAR signaling
network; Figure S5: Network pharmacology and functional enrichment analysis of curcumin targets in
intracellular signaling by second messengers; Figure S6: Functional enrichment analysis of curcumin
targets with high binding affinity to curcumin; Table S1: Comparison of docking scores for curcumin
bound to experimental and predicted receptor proteins.
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