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Luteolin as an adjuvant effectively enhanced ==
the efficacy of adoptive tumor-specific CTLs
therapy

Zhiheng Lai'?", Yanyang Pang'", Yujing Zhou®', Leiyuan Chen'", Kai Zheng®*', Shiguo Yuan®*" and Wu Wang""

Abstract

Background Luteolin, a natural flavonoid compound, has demonstrated anti-inflammatory, antioxidant, and broad
anti-tumor properties. Recent studies suggest that its anti-tumor effects are linked to enhanced CTL function—
including proliferation, survival, and cytotoxicity-via inhibition of the YAP/Wnt signaling pathway in tumor cells.
Consequently, luteolin has potential as an adjuvant in combination therapies with adoptive immunotherapy.

Methods This study first assessed luteolin's tumor-inhibitory effects in vitro and in vivo using cytotoxicity assays,
Transwell invasion tests, wound healing assays, and analyses of post-treatment tumor growth and survival time.
Additionally, we explored whether luteolin combined with a DC/tumor fusion vaccine could synergistically enhance
overall antitumor efficacy by boosting activation, proliferation, cytokines secretion, and cytotoxicity of effector T cells.

Results Our findings indicate that luteolin, as a standalone agent, can inhibit the proliferation and invasion of colon
and lung cancer cells both in vitro and in vivo to a certain extent. When combined with activated CTLs, it upregulated
the expression of CD25 and CD69 in effector cells and resulted in higher levels of IL-2, TNF-a, and IFN-y secretion in
vitro. In vivo, this combination significantly curtailed subcutaneous tumor growth and extended the mean survival
time of tumor-bearing mice (HCT116, A549), outperforming luteolin monotherapy. Furthermore, the efficacy of this
combination therapy may be attributable to enhanced apoptosis in tumor cells, reduced proliferation, and decreased
YAP expression.

Conclusion The combination of luteolin and DC/tumor fusion vaccine-activated CTLs presents a novel approach for
cancer treatment. As an adjuvant, luteolin downregulates YAP expression in tumor cells, enhancing CTL proliferation,

cytotoxicity, and survival, thus improving tumor recognition and selective targeting. This strategy is promising for safe
and effective tumor treatment.
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Introduction

Adoptive immunotherapy, which leverages cytotoxic T
cells, has demonstrated therapeutic potential by promot-
ing the regression of tumor cells (TCs). This process relies
on the activation, expansion, targeting, and persistence
of antitumor cytotoxic T lymphocytes (CTLs). However,
the efficacy of this immune response is often compro-
mised by the tumor’s ability to evolve various immune
evasion strategies. Notably, in the context of solid tumor
therapy, it has been observed that immunosuppressive
factors within the tumor microenvironment (TME) limit
the cytotoxicity and proliferation of effector T cells in
vivo [1]. The TME, characterized by its complexity, sup-
ports tumor progression while simultaneously depleting
infused effector T cells. This dual effect is widely recog-
nized as the primary mechanism that restricts the effec-
tiveness of adoptive immunotherapy and constrains its
broader clinical application [2-3]. In clinical practice,
cancer treatment has shifted from empirical chemo-
therapy, immunotherapy, or targeted therapy alone to
personalized approaches, making tumor treatment more
precise and sustainable. However, challenges remain. the
adoptive effector T cells usually need activators, such as
PD-1/PD-L1 or CTLA-4 inhibitors, to promote prolifera-
tion and activation, which adds to the treatment cost [4].
Besides, in depth, the TME should be disarmed. Recently,
some reports have suggested a combination of adoptive
CTL immunotherapy with chemotherapy might inhibit
tumor persistence and disrupt TME, although chemo-
therapy due to its toxic effects and the inhibition of T
cells holds limited potential to give synergy in results
[5-6].

In recent years, the research of active ingredients from
natural products in tumor treatment has been a hot
topic. Flavonoids are a kind of extensively distributed
and biologically active compound that mainly exists in
plants. Among them, luteolin is especially of a particular
molecular structure and biological activity [7]. Luteolin
is a flavonoid derived mainly from vegetables, fruits, and
herbs, including Schizonepeta, Herba Ajugae, and Cal-
licarpa nudiflora. The molecular formula is C15H1006,
with a molecular weight of 286.24 [8]. In recent decades,
luteolin, with properties including antioxidant, anti-
aging, and myocardial ischemia-relieving, was reported
to possibly have some therapeutic effects on human solid
tumors like liver cancer, colon cancer, and breast cancer.
The attributed effects are due to the fact that it regulates
many pathways in tumor cell growth, differentiation,
and apoptosis [9-11]. Furthermore, luteolin does not act
merely on TCs but has also been widely reported to have
significant regulating effects on the TME [12]. While
there is proof of low toxicity, strict toxicity studies will be
required to clear luteolin for safety and further advance
it into clinical practice [13]. Recent studies show that
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luteolin enhances tumor-specific CD8" T lymphocyte
activation through the inhibition of the Hippo pathway
effector Yes-associated protein (YAP) and counteracts
Wnt-induced suppression of CTL responses. The mecha-
nistic action has been indicated to enhance the therapeu-
tic effect of chemotherapy against cancer, because YAP
itself has a critical role in the regulation of the MHC-I-
related pathway that is influencing the proliferation and
activation of CD8* T lymphocytes [14, 15]. Therefore, in
addition to its role as an antitumor agent, luteolin can
serve as a T cell activator. Its anti-inflammatory and anti-
oxidant properties may also alleviate tumor-related com-
plications, making it an ideal adjuvant in combination
therapies for tumors.

In this study, the inhibitory effects of luteolin on the
cell lines of HCT116 and A549 were investigated. In
addition, with the purpose to overcome negative effects
of TME in adoptive CTL therapy to enhance the activa-
tion, proliferation, and survival of effector T cells within
the tumor, a novel combination therapy was designed by
combining adoptive, tumor-specific CTLs with luteo-
lin. As shown in Fig. 1, a DC/tumor fusion vaccine with
human colorectal carcinoma (HCRC), HCT116 cells,
and human non-small cell lung cancer (HNSCL), A549
cells, was prepared to activate CD8" T lymphocytes, fol-
lowed by the treatment of tumors using a combination of
effector T cells and luteolin. Luteolin exerts its antitumor
effect not only directly but also as an activator in a syner-
gistic manner on adoptive T cell therapy. We investigated
the antitumor efficacy and the underlying mechanisms of
tumor-specific CTLs elicited by a DC-tumor fusion vac-
cine in combination with luteolin.

Materials and methods

Animals and cells

Cell lines HCT116 and A549 were obtained from the
American Type Culture Collection (ATCC) and grown
at 37 °C with 5% CO, in DMEM Gibco, USA), supple-
mented with 10% fetal bovine serum (FBS) (Hyclone,
USA), 100 U/mL of penicillin streptomycin (PS). Periph-
eral blood mononuclear cell(PBMCs) were extracted
from healthy volunteers by gradient density centrifu-
gation. The cells were then cultured in an immune cell
medium containing 10% FBS from Hyclone in the USA.
The culture was maintained at 37 °C with CO,.

The female NOD/SCID and BALB/c mice, 6—8 weeks
old, were acquired from Vital River Animal Technology
Laboratory in Beijing, China, and raised in laminar flow
cabinets in a speciffc pathogen-free environment (tem-
perature, 23+1°C, humidity, 50+10%, 12 h light/dark
cycle starting at 7:00 a.m. with free access to food and
water). The Animal Ethics Committee of Hainan Tradi-
tional Chinese Medicine Hospital gave its approval to the
protocols.
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Fig. 1 Therapy strategy with FC+luteolin
YAP/TEAD(transcriptional enhanced associate domain) complex cooperated with the NuRD(nucleosome remodeling and deacetylase) complex to re-
press NLRC5(Nucleotide-binding and oligomerization domain-like receptor family member) transcription. On the contrary, the Hippo pathway inhibits
YAP activity, subsequently enhancing the expression of MHC-I genes, which ultimately potentiates antitumor immunity. In this study, FCs were created
and subsequently used to stimulate CD8* T cells. These T cells, after being activated by the FC, were further treated with luteolin to enhance their anti-
tumor activity

Transwell invasion and wound healing assay

For 24 h, HCT116 cells that were in the logarithmic
growth phase were grown in chambers that contained
Matrigel with 750 pL of media that included 40 pmol of
luteolin (Selleck, USA). Following the incubation period,
the chambers were taken out, cleaned three times with
PBS, and then drained. Using a 1 mL solution of 4% para-
formaldehyde, the membranes were fixed for a duration
of 15 min. Next, 1 milliliter of 0.1% crystal violet was
added to the membranes and let to sit in darkness for
20 min to stain them. The membranes were rinsed three
times with PBS following staining. The last step was to
photograph the membranes on slides and then count the
cells.

The wound healing assay involved growing HCT116
cells to confluence in a 6-well dish. The monolayer of
cells was vertically scratched using a pipette tip, and then
cultivated for 48 h with or without 40 umol of luteolin.
A microscope was used to examine and photograph the
region of the wound.

CD8+T cells and DCs generation

The detailed steps of CD8" T cells and dendritic
cells(DCs) generation have been reported in our previ-
ous study [16-—17]. Healthy subjects contributed their
PBMC:s for this study after receiving informed consent.
To cultivate the cells, we first extracted them using den-
sity gradient centrifugation with Human Lymphocyte
Separation Medium (Solarbio, China). We next added
recombinant human IL-2 (100 U/mL, Sigma-Aldrich,
USA) to the RPMI 1640 medium. Subsequently, non-
adherent cells(mainly peripheral blood mononuclear cell)
and adherent cells(mainly immature dendritic cells and
monocyte) were isolated, respectively.

After further purification of the PBMCs collected
above using the Act Sep™ CD3/CD28 Sorting activated
magnetic beads from T&L Biotechnology in China, the
obtained CD8* lymphocytes were activated and cul-
tured in the same medium. A complete medium includ-
ing RPMI 1640, rhGM-CSF (1000 U/mL, R&D, USA)
and rhIL-4 (500 U/mL, Sigma-Aldrich, USA) was used
to stimulate monocyte differentiation into DCs in the
adherent cells. The Institutional Review Committee of
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the Hainan Traditional Chinese Medicine Hospita gave
their approval to all investigations involving human
samples.

Fusion of DC and tumor cells(FC)

The detailed steps of fusion of DC and tumor cells have
been reported in our previous study [16—17]. A549 and
HCT116 TCs were harvested, rendered inactive by 30 Gy
X-irradiation, and subsequently labeled with PKH26
fluorescent dye (Sigma-Aldrich, USA). DCs were com-
bined with TCs in a 2:1 ratio after being labeled with
CESE fluorescent dye (Sigma-Aldrich, USA). After that,
PEG(Sigma, USA) was slowly and gently added along
the wall of the tube and was water-bathed for 5 min at
37 °C. Next, The diluted collagen I (Sigma, USA) was
then added and soaked in a 37 °C water bath for 30 min.
The cells, upon PBS washing, were suspended again. The
fusion of tumor cells and DCs was viewed by fluores-
cence microscopy (BX53, Olympus, Japan) to measure
the fusion cells’ fluorescence intensity. To assess the DC
maturation, the fusion cells were collected after 7 days
of culture, a flow cytometry (Beckman Coulter CytoFlex
S) was used to evaluate their MHC II, CD80, and CD86
expression levels.

Cytotoxicity assay

Annexin V-APC-labeled target cells (HCT116 or A549)
were co-cultured with CD8* T cells in 1:1, 5:1, 10:1, or
20:1 ratios for 6 h. The FC +luteolin group that received
CD8" T cells activated by FCs and and was again exposed
to 40 pumol luteolin. Then harvest these target cells and
dyed with 7-AAD (Keygen Biotech, China). Next, In
order to ascertain cytotoxicity, flow cytometry was used
to examine the proportion of Annexin V-APC* 7-AAD"*
cells in every group.

ELISA and ELISPOT assays

HCT116 or A549 cells were co-cultured with CD8" T
lymphocytes from each group at a 1:1 ratio. Commer-
cially available ELISA kits (BD Biosciences, USA) were
used to quantify the amounts of IL-2 and TNF-« in the
supernatants. Luteolin was added at the concentration
that had been previously determined. The fraction of T
lymphocytes secreting IFN-y was also evaluated using an
ELISPOT kit. The streptavidin-AP-processed immuno-
logical complex that was specific to IFN-y was then found
in the BCIP/NBT substrate solution. Cellular Technology
Limited’s ImmunoSpot S6 Ultimate-V analyzer was used
to quantify the number of spots.

Modeling of xenograft tumors and in vivo therapy

The NOD/SCID mice were subcutaneously injected
with HCT116 and A549 cells at a density of 5x 10° cells/
mouse. With 0.5ab” (where a is the largest diameter and
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b is the perpendicular diameter), the tumor volume
was assessed every three days. The mice were split into
groups and given intravenous injections of CD8* T lym-
phocytes activated by a DC/tumor fusion vaccine via the
tail vein when the tumor volume reached about 100 mm?,
q7d x 4. Meanwhile, mice in FC +luteolin groups were
injected luteolin with dosages of 25 or 50 mg/kg (Intra-
peritoneal injection), qd x 28. We measured the tumor
volume every three days. After the last measurement,
the mice were put down, and their tumors and impor-
tant organs were taken out for more research. For the
euthanasia procedure, the mice were placed in a carbon
dioxide anesthesia box with carbon dioxide gas at a flow
rate of 40% volume displacement per minute and increas-
ing concentration to 100%, rendering them nconscious
and ultimately leading to death. After euthanized, each
mouse was individually checked, followed by cervical
dislocation. The euthanasia methods employed for all
mice were approved by The Ethics Committee of Hainan
Traditional Chinese Medicine Hospital and are in accor-
dance with the AVMA Euthanasia Guidelines of Animals
(2013 edition).

Maixin Biotech’s Kit-0005 and ABCAM’s ab81289 were
used for immunostaining tumor samples against Ki-67
and human YAP, respectively. A method for detecting
tumor cell apoptosis was employed by immunofluores-
cence, namely the TUNEL assay developed by Roche in
Switzerland. To test the toxicity of FC +luteolin treat-
ment in vivo, after the healthy BALB/c mice received a
complete treatment, their spleen, kidney, heart, lungs,
liver, and brain were among the major organs that were
harvested, cut into sections, and stained with HE. The
images were captured by means of a Nikon, Japan-based
fluorescence microscope.

Statistical analysis

Data analysis and figure preparation were conducted
utilizing GraphPad Prism 6.02. Statistical comparisons
were conducted employing Student’s t-test and analy-
sis of variance (ANOVA). A p-value below 0.05 was
deemed statistically significant. The data are expressed as
means * standard deviation (SD).

Results

Luteolin inhibits the activity of tumor cells to a certain
extent

The effect of luteolin on tumor cell inhibition was first
evaluated at different concentrations. The data indicated
that the viability of HCT116 and A549 TCs diminished
in a dose-dependent manner following luteolin exposure.
More importantly, luteolin also significantly inhibited
normal human cells (293T) at concentrations exceeding
40 pmol (Fig. 2A). Therefore, 40 umol was selected as the
safe concentration for the in vitro experiments in this
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Fig. 2 Luteolin inhibits the activity of tumor cells in vitro and vivo. (A) Effect of different concentrations luteolin on the activity of HCT116 and A549 cells
detected by CCK-8 method. n=3. (B) The effect of luteolin on the invasion of HCT116 cells. The spots represent the number of cells that have crossed
the bottom membrane. n=3, *P<0.05, **P < 0.01. (C) Effect of Luteolin on Scratches in HCT116 cells. (D-E) a xenograft models with HCT116 cell line was
constructed. The tumor size was measured every 3 days and recorded survival time. 5 mice/per group, ***P<0.001, ****P <0.0001

study. The invasion and wound healing assays confirmed
that luteolin inhibits the migration and invasion of TCs
(Fig. 2B-C). In tumor-bearing mice, luteolin demon-
strated a certain antitumor effect, delaying tumor growth
and improving survival time (Fig. 2D-E).

Preparation of DC/tumor fusion vaccine

In the experimental setup, TCs (HCT116 or A549) were
labeled with CFSE, while DCs were tagged with PKH26.
These cells were then co-cultured for seven days in the
presence of PEG. The data showed that both fluorescence
and high expression of maturation markers were present
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on the DC/tumor fusion cells (Fig. 3A-B), indicating suc-
cessful preparation of the fusion cells.

Luteolin enhances proliferation, activation, and
cytotoxicity of CD8+ T cells activated by DC/tumor fusion
cells in FC+luteolin treatment

The stimulatory effect of luteolin on the activation and
proliferation of CD8" T cells, which were activated
using the FC, was confirmed by the elevated expres-
sion levels of CD25 and CD69 (Fig. 3C). Further studies
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cytotoxic mechanisms, ELISA and ELISPOT assays were
conducted. The results confirmed that FC + luteolin treat-
ment increased the levels of inflammatory mediators
(IL-2, TNF-a) after exposure to HCT116 and A549 cells,
compared to FC alone (Fig. 3F-G). As expected, ELISPOT
results showed a higher number of IFN-y secreting spots
in the FC +luteolin groups (Fig. 3E).

Activated CD8+ T cells combined with luteolin induce
stronger antitumor effects in tumor-bearing mice

showed that when these CD8" T cells were treated with
luteolin, a synergistic effect led to the elimination of a
larger proportion of matched TCs (Fig. 3D). To investi-
gate the release of inflammatory cytokines and verify the

The study further examined the suppression of tumor
growth in xenograft models established with HCT116
and A549 cell lines. It was observed that adoptive CD8"
T cells, stimulated by the FC, significantly inhibited
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tumor growth and enhanced survival in these mod-
els, demonstrating superior performance over both the
unprimed T cells and the PBS control groups. However,
long-term survival was not achieved. When these effec-
tor T cells were combined with luteolin (25 or 50 mg/
kg), a more pronounced antitumor effect was observed,
with a certain percentage of the mice surviving for more
than 120 days, suggesting promising potential for clinical
applications(Fig. 4A-B). Investigations into the mecha-
nism behind the FC + luteolin treatment’s efficacy focused
on the analysis of Ki-67 and YAP expression levels, along
with apoptosis markers in the tumors, using both immu-
nohistochemical and immunofluorescence staining tech-
niques. The analyses revealed a notable reduction in
Ki-67 and YAP positive cells in the FC +luteolin groups

compared to those in the PBS, unprimed, and FC only
groups (Fig. 4C, E). Moreover, substantial apoptosis was
observed, as evidenced by the TUNEL assay(Fig. 4D).
These findings suggest that the combination of adop-
tive CD8" T cells activated by the FC with luteolin effec-
tively curtailed tumor progression by impeding tumor
cell proliferation through the YAP signaling pathway and
enhancing apoptotic activity.

Moreover, the potential in vivo toxicity of the FC + lute-
olin treatment was assessed through HE staining. The
analysis verified the absence of toxicological effects in
critical organs, including the kidneys, lungs, spleen, liver,
heart, and brain of the treated mice (Fig. 4F).
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Discussion

The anticancer effect of luteolin has been confirmed in
various tumor cell lines and animal models, including
breast cancer, and leukemia [11, 18-20]. The mecha-
nism of action is primarily linked to the inhibition of cell
cycle progression, the suppression of proliferation sig-
nals mediated by growth factor receptors, and the acti-
vation of pro-apoptotic pathways [8, 21]. In this study,
our data also show that luteolin can inhibit the prolifera-
tion and invasion of colon and lung cancer cells to some
extent. However, this effect is limited and does not meet
expectations, as it fails to consistently hinder tumor
growth and recurrence. Given luteolin’s low toxicity, it
holds great potential for development into an effective
anticancer drug or for use in specific tumor therapies.
While luteolin’s effectiveness as a standalone antican-
cer agent could benefit from enhancement, its utility in
combination therapies is increasingly recognized due to
its concurrent anti-inflammatory, antioxidant, and anti-
estrogenic effects [10, 22, 23]. Research has highlighted
luteolin’s involvement in enhancing antitumor immunity,
notably through its modulation of CTL activities [24—25].
For instance, luteolin is known to bolster the immune
responses of CTLs by activating pathways critical for the
survival, proliferation, and metabolic functions of anti-
gen-presenting cells (APCs) [26]. Furthermore, luteolin
directly suppresses PD-L1 expression in TCs, thus dis-
rupting the PD-1/PD-L1 interaction and promoting CTL
proliferation, viability, and ability to counteract tumor
invasion [27]. Therefore, due to its limited direct anti-
cancer efficacy, luteolin is better suited as an adjuvant for
adoptive immune cell therapies (especially APC-medi-
ated) to improve the survival and infiltration of effector
cells, thereby generating a synergistic effect.

Dendritic cells, as powerful APCs, are pivotal in trig-
gering antitumor immune responses and are a focal point
of recent research [28]. Currently, several techniques are
employed to present tumor-associated antigens to DCs
for cancer vaccine applications, including RNA or DNA
transfection, peptide or protein loading, and fusion with
TCs. The strategy of creating a FC by merging entire TCs
with DCs represents a novel cancer treatment approach
[29]. Following immune stimulation by DCs, FC can pres-
ent a wide array of tumor antigens, both recognized and
novel. In prior research, we devised an effective technique
for generating DC/tumor cell vaccines, which prompted
tumor-specific CTL responses and produced substantial
antitumor outcomes in both preclinical in vitro and in
vivo settings [16—17]. Expanding on these initial findings,
this study investigates whether luteolin could further
boost the proliferation and survival of these effector cells
when used as an adjuvant alongside the FC. To enhance
antigen specificity and cytotoxic capabilities of CTLs, we
engineered two DC/tumor vaccines by fusing immature
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DCs with prevalent tumor cell lines (HCT116 and A549).
The maturation of these fusion cells was predominantly
gauged by the upregulation of co-stimulatory molecules
such as CD80 [30]. The elevated expression levels of
these molecules in both FCs, relative to immature DCs,
suggest that the fusion process fosters DC maturation
and improves their antigen-presenting efficacy. Our find-
ings demonstrated that the FC efficiently triggered the
formation of tumor-specific CTLs by delivering tumor
antigens, subsequently enhancing their proliferation,
activation, and cytotoxicity.

To validate the efficacy of the luteolin-enhanced FC-
activated CTL treatment in vivo, we established two sub-
cutaneous tumor transplantation models in SCID mice,
representing lung and colon cancers. The results con-
firmed that this therapeutic approach, combining FC-
activated CTLs with luteolin, notably impeded tumor
progression and extended the average survival duration
in the mice. Remarkably, most of the mice that received
this treatment survived beyond the 120 day observa-
tion period, maintaining very small tumor volumes. This
suggests that they survived with tumors for long peri-
ods without recurrence. Previous research has reported
that adoptive immunotherapy often has limited efficacy
in mesenchymal and epithelioid cancer cell populations
due to upregulation of the YAP/Wnt pathway. However,
other studies have confirmed that the antitumor activ-
ity of luteolin is associated with the downregulation of
this pathway [31]. In this study, we further verified that
luteolin enhances the function and survival of T cells by
downregulating the expression of YAP in TCs when used
in combination therapy, achieving a strong synergistic
therapeutic effect. As expected, our results demonstrated
that the YAP level in TCs was significantly reduced after
treatment with luteolin combined with activated CTLs,
compared with CTLs alone. Consequently, there was
a significant decrease in both proliferative (Ki-67) and
apoptotic (TUNEL) indices of TCs in the mice, aligning
with the targeted elimination of TCs by the synergistic
action of activated CTLs and luteolin.

In summary, since luteolin possesses anti-tumor, anti-
inflammatory, and antioxidant activities, we propose its
use as an adjuvant to enhance the function and survival
of adoptive CTLs, achieving a better synergistic effect.
We have designed a novel tumor treatment strategy using
FC-activated CTLs combined with luteolin, providing
preclinical evidence for their therapeutic potential. This
optimally designed dual activation therapy could enhance
CTL proliferation, cytotoxicity, and survival, allowing for
better recognition and selective targeting of TCs. This
strategy appears to be safe and highly effective for tumor
treatment, offering the benefits of both natural product
therapy and adoptive immunotherapy. It also reduces
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the dosage of therapeutic drugs and lowers the risk of
adverse reactions in antitumor therapy.

Abbreviations

APCs  Antigen-presenting cells
CTLs  Cytotoxic T lymphocytes
DCs Dendritic cells
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