? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Wei Yang,
Stony Brook University, United States

REVIEWED BY
Margreet C. M. Vissers,

University of Otago, New Zealand
Gabi U. Dachs,

University of Otago, Christchurch,
New Zealand

*CORRESPONDENCE
Taekyu Lim
imegene@naver.com

"These authors have contributed equally to
this work

RECEIVED 17 October 2024
ACCEPTED 19 December 2024
PUBLISHED 17 January 2025

CITATION

Kim HS, Kwon S-h, Choi OK and Lim T (2025)
High-dose ascorbic acid synergizes with anti-
PD1 therapy in non-small cell lung cancer in
vitro and in vivo models.

Front. Immunol. 15:1512605.

doi: 10.3389/fimmu.2024.1512605

COPYRIGHT

© 2025 Kim, Kwon, Choi and Lim. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TvPE Original Research
PUBLISHED 17 January 2025
po110.3389/fimmu.2024.1512605

High-dose ascorbic acid
synergizes with anti-PD1 therapy
In non-small cell lung cancer in
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Introduction: Immune checkpoint inhibitors(ICls) targeting programmed cell
death protein 1 (PD1) confer significant survival benefits to patients with non-
small cell lung cancer (NSCLC). However, there remains a substantial unmet need
to identify therapeutic approaches to overcome resistance and provide benefits to
these patients. High-dose ascorbic acid (AA) acts synergistically with many standard
anticancer treatments. However, little is known about the effect of high-dose AA on
improving the efficacy of anti-PD1 inhibitors in NSCLC. This study aimed to
elucidate the effects of high-dose AA on anti-PD1 immunotherapy in NSCLC.

Methods: The combined effects of high-dose AA and anti-PD1 were investigated
using a coculture model of H460 cells and CD8+ T cells and an LLC1 lung cancer
syngeneic mouse model. To investigate the molecular mechanism, tumor tissues
from mice were analyzed by comprehensive proteomic profiling using nano-LC-
ESI-MS/MS.

Results: Pretreatment with a high dose of AA led to enhanced the sensitivity to the
cytotoxicity of CD8+ T cells derived from healthy donor for H460 cells.
Additionally, the combination of anti-PD1 and high-dose AA significantly
increased CD8+ T cell cytotoxicity in H460 cells. The combination of anti-PD1
and high-dose AA showed dramatic antitumor effects in a syngeneic mouse model
of lung cancer by significantly reducing tumor growth and increasing CD8+ T cell-
dependent cytotoxicity and macrophage activity. Comprehensive protein analysis
confirmed that high-dose AA in anti-PD1-treated tumor tissues enhanced the
antitumor effects by regulating various immune-related mechanisms, including the
B celland T cell receptor signaling pathways, Fc gamma R-mediated phagocytosis,
and natural killer (NK) cell-mediated cytotoxicity.

Discussion: Our results suggest that high-dose AA may be a promising adjuvant
to potentiate the efficacy of anti-PD1 immunotherapy.
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1 Introduction

Lung cancer is the leading cause of cancer-related deaths
worldwide, with non-small cell lung cancer (NSCLC) accounting
for more than 80% of cases (1). Immune checkpoint inhibitors
(ICIs), such as anti-programmed cell death 1 (anti-PD1) and anti-
programmed cell death ligand 1 (anti-PD-L1) antibodies, have
changed the treatment paradigm for NSCLC, which lacks
actionable genomic alterations, both as monotherapy and
combination therapies. Although long-term survival rates after
treatment with ICI were significantly higher than previous
treatments without ICI, only a small proportion of patients (less
than 30% of patients) experienced benefits (2). Moreover, in some
cases, immune-related adverse events (IrAEs) limit the efficacy of
ICI treatment.

Ascorbic acid (AA), also known as vitamin C, is an essential
water-soluble micronutrient with a six-carbon structure (C4HgOg)
that plays vital roles in many biological processes. Humans rely
solely on dietary intake for AA, due to mutations in the gene that
produces L-gulono-y-lactone oxidase (GLO), which is an major
enzyme catalyzing the final step of AA formation (3, 4). AA is a
potent antioxidant protecting the body against endogenous and
exogenous oxidative challenges. In addition, it is a cofactor for
numerous biosynthetic enzymes, and its gene regulatory function
plays a crucial role in its immune-modulating effects (5).

Several studies examining the therapeutic effects of AA on
cancer have found that AA at pharmacological concentrations
from intravenous administration, but not physiological AA from
oral ingestion, exerted clinical benefits in patients with cancer (6-8).
Optimal levels of AA levels may be clinically important in cancer,
and observational studies support an inverse correlation between
circulating AA and cancer (9, 10). A recent study demonstrated that
average plasma AA levels in patients with more advanced cancer
who were receiving chemo or immunotherapy were lower than
those in the presurgical cohort. Patients currently undergoing
chemotherapy or immunotherapy may be at a particular risk of
AA depletion associated with increased requirements and not
necessarily due to reduced intake (11).

Over the past few decades, several studies have focused on the
role of AA in the human immune response. The maturation,
proliferation, and viability of T cells, which actively acquire AA
via sodium-dependent vitamin C transporters (SVCT) and sodium-
independent glucose transporters (GLUT) and have intracellular
AA concentrations 10-100-fold higher than plasma levels, are
upregulated by the presence of normal physiological
concentrations of AA (12, 13). High-dose AA synergizes with
anti-PD1 and anti-cytotoxic T lymphocyte associated protein 4
(anti-CTL-4) in mouse models, and increases the immunogenicity
of effector T cells in many cancer types, including breast, colorectal,
melanoma, pancreatic cancer, and lymphoma (14, 15). Recently,
Zhao et al. demonstrated that high-dose AA inhibited PD-L1
expression in breast cancer cell lines, enhanced antitumor effects
of T cells, and inhibited PD-L1 transcription through the ROS-
phosphorylated signal transducer and activator of transcription 3
(pSTATS3) signaling pathway (16).
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The development of rational and safe combination therapies to
improve the efficacy of ICIs remains an unmet need. In addition,
experimental studies on the effects of high-dose AA in improving
the sensitivity of NSCLC to ICIs are lacking.

In this study, we hypothesized that high-dose AA synergizes
with anti-PD1 therapy in NSCLC. We investigated the antitumor
effects of high-dose AA in combination with an anti-PD1 antibody
in lung cancer cells in vitro and in vivo. The molecular mechanism
of high-dose AA was analyzed through a comprehensive proteomic
profiling technique using liquid chromatography with tandem mass
spectrometry (LC-MS/MS).

2 Materials and methods
2.1 Ethics statement

This study was completed under Protocol, which was approved
by the Institutional Review Board of VHS Medical Center, Seoul,
Republic of Korea (approval no.2022-07-004). The mouse
experiments were performed in accordance with the Guiding
Principles for the Care and Use of Animals. All protocols were
approved by the Animal Care and Handling Committee of Kyung
Hee University Medical Center (protocol #KHNMC AP 2023-04).

2.2 Cell culture

Human lung cancer cell line H460 was used in this study. LLC1
(mouse Lewis lung carcinoma; American Type Culture Collection,
ATCC) was used to establish a lung cancer syngeneic mouse model.
H460 was cultured in RPMI1640 (Hyclone) supplemented with
10%FBS and 1% penicillin/streptomycin. LLC1 was obtained from
the ATCC and was maintained in Dulbecco’s Modified Eagle’s
medium supplemented with 10% FBS and 1% penicillin/
streptomycin. Most cells were grown to approximately 70%
confluence in culture dishes at 37°C in a 5% CO, incubator, and
detached using 0.25% trypsin EDTA for passaging or use. T cells
were isolated from peripheral blood mononuclear cells (PBMCs) by
negative isolation (DynabeadsTM Untouched"" Human CD8 T Cells
Kit 11348D; Thermo Fisher) and cultured in RPMI-1640 medium
with 2mM L-Glutamine (Gibco), 10% FBS and 100U/mL penicillin/
streptomycin. For activation of CD8+ T cells, isolated CD8 T cells
were cultured in the presence of anti CD3/CD28 beads
(DynabeadsTM Human T-Activator CD3/CD28 11131D; Thermo
Fisher). Two days after isolation, CD8+ T cells were used
in experiments.

2.3 In vitro AA treatment
For cell culture experiments, we used a stock solution of 0.5 M
L-ascorbic acid (255564; Sigma-Aldrich) in phosphate buffered

saline (PBS). The pH of the culture medium was not significantly
altered by treatment with 1 mM AA. High-dose AA induces
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cytotoxicity in cancer cells via various mechanisms such as redox
imbalance, epigenetic regulation, and immunomodulation (17).
Prooxidant function of AA targeting redox imbalance has been
most widely described as a cytotoxic mechanism (18, 19). To
catalase to protect H,O, induced cytotoxicity, CD8+ T cells and
H460 cells were pretreated with 1000 units/ml catalase (60634;
Sigma) for 30 min (14, 20). Cells were treatment with or without 1
mM AA (Sigma) for 6 h. Both catalase and AA were prepared fresh
for each experiment. After 6 h of treatment, the cells were washed
and fresh medium was added. Cells were harvested for downstream
analyses 18-24 h after treatment.

2.4 Cytotoxicity assay

Cytotoxicity was assessed using lactate dehydrogenase (LDH)
assay. CD8+ T cells derived from healthy donor or H460 cells were
pretreated with 100 pg/ml catalase for 30 min and then exposed to
the indicated concentration of AA for 6 h. Cells were resuspended
in fresh medium and incubated for 24 h or 48 h. Cells treated with
lysis buffer supplied from Quanti-LDH cytotoxicity assay kit
(BIOMAX, Seoul, South Korea) were acted as maximum LDH
activity controls. Culture medium (10 pL) was mixed with 100 pL
of the reaction mixture at room temperature for 30 min in the dark.
Subsequently, 10 uL stop solution was added. The absorbance was
measured at 450 and 650 nm.

2.5 Syngeneic animal model

Seven-week-old female C57BL/6] mice were obtained from
Orient Bio (Seongnam-si, Gyeonggi-do, South Korea) and
acclimatized for one week before the experiments. Mice were
housed under specific pathogen-free conditions in an air
conditioned (22 + 2°C) and humidity-controlled (45-55%) room
under a 12-h light and 12-h dark cycle with ad libitum access to
food and water. 1x10° LLC1 mouse lung cancer cells in matrigel
were injected subcutaneously into the right abdominal region. After
seven days, when the tumor masses reached ~130 mm?>, the mice
were randomly divided into four groups: 1) vehicle plus isotype
control (n=5), 2) vehicle plus anti-PD1 (n=5), 3) AA plus isotype
control (n=6), and 4) AA plus anti-PD1 (n=6). 300-uL
intraperitoneal (i.p.) injections of 1.5 M ascorbate or NaCl were
given daily. To balance the osmotic effect of sodium L-ascorbate, the
mice that did not receive ascorbate (vehicle or anti-PD1) were
administered NaCl (Sigma-Aldrich). Added to these i.p. injections
every other day was 200 pg anti-PD1 (BE0146; BioXCell) (anti-PD1
and AA+anti-PD1 groups) or isotype control (BE0089; BioXCell)
(vehicle and AA groups) beginning on the first day of treatment,
tumor volume and mouse weight were monitored every 3 days for 3
weeks. Tumor volume was evaluated in accordance with the
formula (L x P)/2 through the measurement of tumor length (L)
and width (/) using calipers. The mice were then sacrificed, and their
tumors and blood PBMC were harvested on day 21. Tumor tissues
from mice were divided into two parts, the one was fixed at 4%
paraformaldehyde for immunofluorescence analysis, and the other
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was stored at —80°C for Proteomic analysis. The coefficient of drug
interaction (CDI) was used to calculate the synergy with the
combination using mean tumor volume measurements and was
evaluated in accordance with the formula AB/(A x B), where AB is
the ratio of the 2 drugs combination group to the control group,
and A or B is the ratio of the single drug group to the control group.
CDI < 1 indicates synergism, CDI = 1 indicates an additive effect,
CDI > 1 indicates antagonism, and CDI<0.7 indicates a significant
synergistic effect.

2.6 Immunofluorescences staining

Tumor tissues were fixed in 4% formaldehyde and embedded in
paraffin. Each sample was processed and embedded in its own
cassette. paraffin-embedded blocks were sectioned at 4 um onto
positively charged slides. Antigen retrieval was performed using
Leica Bond Epitope Retrieval Buffer 2 for 20 min. Non-specific
background was blocked with 10% goat serum for 1 h. Each tissue
was stained with primary antibodies against CD8 (14-0808-82-rat;
Thermo Fisher, MA, USA), granzyme B (AF1865-Goat; R&D
Systems, MN, USA), F4/80 (abl11101-rabbit; Abcam, CB, UK),
CD11c (CSB-PA011879ESR1HU-rabbit; CUSABIO, TX, USA), and
IL-12 (ab131039-rabbit; Abcam, CB, UK) for 60 min. Secondary
antibodies including anti-rat (A21208-Alexa Fluor 488, Thermo
Fisher, MA, USA), anti-rabbit (A-31573-Alexa Fluor ™ 647,
Thermo Fisher, MA, USA), and anti-goat (A21447 Alexa Fluor
647, Thermo Fisher, MA, USA) were incubated for 60 min. Slides
were mounted with DAPI for nuclear visualization. Whole-slide
images were obtained using a confocal microscope (FV3000RS;
Olympus). % area was quantified by image J software.

2.7 Nano-LC-ESI-MS/MS analysis

Each tumor tissue from mice dissolved in 100 L of 5% SDS
buffer was treated with 20 mM dithiothreitol in 50 mM ammonium
bicarbonate, reduced for 10 minutes at 95°C, and then alkylated
with 40 mM iodoacetamide in 50 mM ammonium bicarbonate for
30 minutes in darkness. Proteomic samples were prepared using S-
TRAP™ (Protifi, Farmingdale, NY, USA) according to the
manufacturer’s protocol and a previous study (21). Each sample
was incubated with 12.5 pg of sequencing-grade modified trypsin/
LysC (Promega, Madison, Wisconsin, USA) in a 50 mM
ammonium bicarbonate solution (pH 7.8) using an S-TRAP
column overnight at 37°C. The eluted peptide samples were then
dried and quantified. The samples were resuspended in 0.1% formic
acid and analyzed using an UltiMate 3000 RSLCnano system
coupled to a Q Exactive Plus Hybrid Quadrupole-Orbitrap mass
spectrometer with a Nano-ESI source (Thermo Fisher Scientific),
according previous study (22). Tryptic peptides separated on an
Acclaim™ Pepmap 100 C18 column (500 mm x 75 um i.d., 3 um,
100 A) equipped with a C18 Pepmap trap column (20 mm x 100
pum i.d., 5 wm, 100 A; Thermo Fisher Scientific) over 200 min (250
nL/min) using a 5-40% ACN gradient in 0.1% formic acid and 5%
dimthyl sulfoxide for 150 min (250 nL/min) at 50°C. Mass spectra
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were acquired in the data-dependent mode with an automatic
switch between the full scan and the top 20 data-dependent MS/
MS scans. The target value for the full-scan MS spectra, selected
from 350 to 1800 m/z, was 3,000,000 ACS targets with a maximum
injection time of 100 ms and a resolution of 70,000.

2.8 Data search, statistical analysis, and
bioinformatics analysis

The MS/MS spectra were assigned to proteins using Sequest-HT
on Proteome Discoverer (Version 2.4, Thermo Fisher Scientific)
and the UniProt mouse database (22). The identified proteins were
analyzed and visualized using Perseus software (Version 2.0.7.0).
One-way analysis of variance (ANOVA) with Benjamini-Hochberg
method-based false discovery rate (FDR) and a significance level of
0.05 were used to identify significant differences in the protein
expression levels. Gene Ontology (GO) annotation of the proteins
identified from the proteome analysis was performed using
Proteome Discoverer (Version 2.4; Thermo Fisher Scientific). A
protein-protein interaction (PPI) network was constructed using
the STRING website (www.String-db.org). Statistical analysis of the
expression levels of selected individual proteins was performed
using GraphPad Prism software (version 5.0). Significant
differences were analyzed using one-way ANOVA followed by the
Newman-Keuls multiple comparison test for more than three
groups. All p values were two-tailed, with statistical significance
set at p < 0.05.

3 Results

3.1 Pretreatment with high-dose AA leads
to enhanced sensitivity to CD8+ T cell
cytotoxicity in H460 cells

To select lung cancer cell lines that could respond well to PD1,
the expression levels of PD-L1 mRNA were tested by real-time PCR
in three human NSCLC cells lines: H460, H1299, and A549. The
highest PD-L1 mRNA expression was observed in H460 cells, which
may be a good target for anti-PD1 treatment (Supplementary Figure
S1). To test the cytotoxic effects of T cells, CD8+ T cells were
isolated from healthy donors. Because the in vitro conditions did
not have an antioxidant mechanism, CD8+ T cells and H460 cells
were pretreated with 1000 unit/ml catalase for 30 min. The cells
were treated with 1 mM AA for 6 h and then incubated in fresh
medium for 48 h. As shown in Figures 1A, B, AA did not
significantly affect the death of CD8+ T cells or H460 cells after
48 h at the indicated concentrations. CD8+ T cells and H460 cells
pretreated with AA and catalase for 6 h were co-cultured with fresh
media at different ratios of effector (T cells) to target (H460 cells)
cells. High-dose AA significantly increased CD8+ T cell activity, as
evidenced by increased cytotoxicity when cocultured at both 1
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versus 1 and 5 versus 1, effector versus target cells ratios
(Figure 1C). Next, we tested the effects of the combination of
anti-PD1 and high-dose AA. Treatment with anti-PD1 alone did
not significantly affect the cytotoxicity; however, treatment with a
high dose of AA increased the cytotoxicity (Figure 1D).

3.2 Treatment with high-dose AA induces
synergic effect with anti-PD1 treatment in
a syngeneic lung cancer mouse model

We evaluated the effects of AA in an LLC1 lung cancer
syngeneic mouse model to confirm the results in the co-culture
model of H460 and CD8" T cells. Tumor-bearing mice were treated
with vehicle, anti-PD1, high-dose AA, or co-treated with anti-PD1
and high-dose AA when the tumor volume increased to ~130 mm?
until day 7. The mice were then sacrificed on day 21 (Figure 2A). As
shown in Figure 2B, treatment with anti-PD1 or high-dose AA did
not significantly affect tumor growth until day 15, but tended to
slightly reduce tumor growth after day 18 compared to the vehicle
treatment group. However, when these two drugs were
administered in combination, significant antitumor effects were
observed, and tumor growth was considerably reduced compared
with treatment with anti-PD1 or high-dose AA (Figure 2B). For all
experimental periods, although a slight weight loss was observed on
day 9 in the AA-treated group, the body weight of the mice was not
significantly affected (Figure 2C). Next, we tested the coefficient of
drug interaction (CDI) formula to calculate the synergistic effect.
The value of CDI between high-dose AA and anti-PD1 was 0.68,
which indicated that high-dose AA exerted a significant synergistic
effect with anti-PD1 treatment (Figure 2D). Collectively, our data
indicate that high-dose AA could affect the sensitization of
antitumor effects of anti-PD1 in both in vitro and in vivo models.

3.3 High-dose AA and anti-PD1
cotreatment leads to increased CD8+ T
cell-dependent cytotoxicity

We hypothesized that high-dose AA and anti-PD1 cotreatment
increased CD8+ T cells and changed the tumor microenvironment;
to test this hypothesis, we used immunofluorescence to investigate
markers of immune cell infiltration and function in a syngeneic
lung tumor. High-dose AA treatment resulted in increased
immunofluorescence of CD8, irrespective of anti-PD1 treatment
in the tumor tissues (Figures 3A, B). CD8 + T infiltration was
significantly higher in the AA-treated group than in the control and
anti-PD1 groups. The infiltration of CD8+ T cells in the high-dose
AA and anti-PD1 co-treatment group was not significantly different
from that in the AA alone group. The cytotoxic effects of CD8+ T
cells were assessed by granzyme B staining. The number of
granzyme B-positive cells in the tissues of the AA-alone or anti-
PDI treatment groups was higher than that in the control group
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High-dose AA increased cytotoxic activity of CD8+ T cell for H460 cells. CD8+ T cells derived from healthy donor (A) or H460 cells (B) were
pretreated with 100 pg/ml catalase for 30 min and then exposed to the indicated concentration of AA for 6h. Cells were resuspended in fresh
medium and incubated for 48h. Cytotoxicity was measured using the LDH cytotoxicity assay kit. Positive control (P.C) was leading to 100%
cytotoxicity by lysing the cells completely. (C) Activated CD8+ T cells (effector) by anti-CD3/CD28 beads or H460 cells (target) were pretreated with
catalase and AA for 6 h, resuspended in fresh medium. AA-pretreated two cell lines (effector and target cells) were cocultured for 24 h at 1:1 or 5:1,
ratios of effector:target cells. Data are presented as the mean + SD of three experiments (*p < 0.05). (D) AA-pretreated two cell lines (effector and
target cells) were cocultured with 5 pg/ml anti-PD1 for 48 h at a ratio of 5 (effector):1(target). Data are presented as the mean + SD of six

experiments (*p < 0.05).

(Figures 3C, D). In the tumor tissues of the AA and anti-PD1 co-
treatment group, the number of granzyme B-positive cells was
significantly higher than that in the AA alone or anti-PDI1
treatment groups (Figures 3C, D). Our data indicated that high-
dose AA increased the infiltration of CD8+ T cells independently of
anti-PD1, but increased the cytotoxic activity of anti-PD1.

We next investigated whether co-treatment with AA and anti-
PDI1 altered the infiltration of antigen-presenting cells (APCs)
including macrophages (F4/80) and dendritic cells (CD11c), and
enhanced the production of IL-2 by APCs. High-dose AA treatment
resulted in increased infiltration of macrophages (F4/80),
irrespective of anti-PD1 treatment in the tumor tissue
(Figure 4A). However, the infiltration of dendritic cells (CD11c)
did not differ significantly between the groups (Figure 4B). In
addition, the production of IL-12 by APCs in the tissues of the
anti-PD1 treatment group was higher than that in the control
group, and the production of IL-12 in the tumor tissues of the
AA and anti-PD1 co-treatment group was significantly higher than
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that in the anti-PD1 treatment group (Figure 4C). This indicates
that high-dose AA and anti-PD1 co-treatment increased
macrophage infiltration and activity.

3.4 Proteomic analysis of the synergic
effects of high-dose AA in anti-PD1-treated
syngeneic tumor

To confirm the synergistic effects of high-dose AA and anti-
PD1 co-treatment in a syngeneic mouse model, we performed
proteomic profiling using nano-LC-ESI-MS/MS. Data of 6737
proteins were obtained from four groups (control, AA, anti-PD1,
and AA+anti-PD1), and 6209 proteins which were identified in all
four groups were considered for further analysis (Figure 5A;
Supplementary Table S1). Principal component analysis showed
that the four groups were well-separated (Figure 5B). Next, 1533
proteins were selected using one-way ANOVA (Benjamini-
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The in vivo antitumor efficacy of high-dose AA alone and in combination with anti-PD1 (A) Schematic workflow of the study in syngeneic tumor
model to examine the synergic effects between anti-PD1 treatment and high-dose AA: C57BL/6J mice were inoculated subcutaneously into the
right abdominal region with 1x10° LLC1 mouse lung cancer cells in matrigel. Tumor-bearing mice were randomly assigned to four groups: vehicle
plus isotype control (Con, n=5), vehicle plus anti-PD1 (anti-PD1, n=5), AA plus isotype control (AA, n=6), and AA plus anti-PD1 (AA+ anti-PD1, n=6).
After 7 days, when the tumor masses reached ~130 mm?, 300 uL injections of 1.5 M AA were given daily and 200 ug of anti-PD1 was administered
every other day. (B) Tumor volumes were observed every three days in accordance with the formula (L x [2)/2. Significant differences were analyzed
using two-way ANOVA test with the Bonferroni post-hoc tests. * and ** indicate p<0.05 and p<0.01, respectively, compared to control group (con).
# and ## indicate p<0.05 and p<0.01, respectively, compared to AA. S and SS indicate p<0.05 and p<0.01, respectively, compared to anti-PD1. (C)
Body weights were analyzed in the four groups of mice. (D) CDI was calculated to test for synergistic effect between anti-PD1 and AA. The CDI of
0.68 indicates synergy (defined as CD < 0.7 indicating a significantly synergistic effect).

Hochberg method-based FDR < 0.05). Using 1533 proteins,
hierarchical clustering (distance threshold = 2.18) was performed
and four clusters were generated (Figure 5C). Clusters 1 and 2 were
downregulated by AA, and clusters 3 and 4 were upregulated by
genistein compared with those in the controls. In the anti-PD1
treated groups, clusters 1 and 3 were proteins affected by AA and
were either downregulated or upregulated by AA or co-treatment
with AA and anti-PD1, respectively, compared to anti-PD1
treatment alone; however, proteins in clusters 2 and 4 were not
significantly affected by co-treatment with AA and anti-PDI1.
Therefore, we conducted further studies focusing on the proteins
(1066 proteins) in clusters 1 and 3, which may serve as therapeutic
targets for co-treatment with anti-PD1 and AA. Protein-protein
interaction (PPI) network analysis was performed using the
STRING website (www.String-db.org) and 226 immune system-
related proteins (BT0:0005810), including 90 proteins from Cluster
1 (Supplementary Table S2) and 124 proteins from Cluster 3
(Supplementary Table S3) (Figure 6). The PPI network using 90
proteins downregulated by co-treatment with anti-PD1 and AA as
input showed three proteins (KRAS, MAPK3, and AKT1) for the B-
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cell receptor signaling pathway and four proteins (MAPK14, KRAS,
MAPK3, and AKT1) for the T-cell receptor signaling pathway
(Figure 6A). Among the 124 proteins upregulated by co-
treatment with anti-PD1 and AA, the PPI network showed that
12 proteins interacted with each other to upregulate B (six proteins)
and T cell receptor signaling pathways (seven proteins), Fc gamma
R-mediated phagocytosis (nine proteins), and natural killer (NK)
cell-mediated cytotoxicity (seven proteins) (Figure 6B).

4 Discussion

In this study, we investigated whether high-dose AA in
combination with anti-PD1 therapy exhibits anticancer effects in
vitro and in a syngeneic lung cancer mouse model, and determined
the changes in the immune microenvironment of the tumor tissue.
Our data showed that pretreatment with a high dose of AA
enhanced the sensitivity to anti-PDI1-treated CD8+ T cell
cytotoxicity in H460 cells in vitro. Second, the investigation of
tumor volume and CDI value (0.68) in a syngeneic lung cancer
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The combination of anti-PD1 and high-dose AA increase the CD8+ T cell infiltration and Granzyme B production in tumor tissues from syngeneic
mouse model. (A) Tumor sections from syngeneic mouse model were stained with CD8 and immunofluorescence images were captured at 100x
magnification. (B) % area was quantified by image J software. (C) Tumor sections from syngeneic mouse model were stained with Granzyme B and
immunofluorescence images were captured at 100x magnification. (D) % area was quantified by image J software. Statistical analysis between four
groups was evaluated using one-way ANOVA with the Newman-Keuls multiple comparison test. * indicates p < 0.05.

mouse model showed that high-dose AA could act as a promising
agent to enhance the antitumor effects of anti-PD1 therapy. Third,
the combination of anti-PD1 and high-dose AA increased immune
activity by promoting granzyme B and IL-12 production by T cells
and macrophages, respectively. Finally, the antitumor mechanisms
of high-dose AA in combination with anti-PD1 were
comprehensively investigated through proteomic profiling of the
tumor tissue of a mouse model, which indicated that high-dose AA
exerted antitumor effects by regulating various immune-related
mechanisms, including the B cell and T cell receptor signaling
pathways, Fc gamma R-mediated phagocytosis, and NK cell-
mediated cytotoxicity.

ICIs have become the mainstay of therapy for patients with
NSCLC without driver mutations. However, durable response
remains limited to a small proportion of patients (20-30%) (2).
To overcome these limitations of ICIs, efforts are ongoing to
improve the efficacy of these drug by combination with
potentiating agents (23). In our study, we investigated the
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combined effect of anti-PD1 and high-dose AA and showed that
these two drugs had synergistic effects in a lung cancer mouse
model. Because anti-PD1 is an immunomodulator, we first
performed a PPI analysis focusing on the changes in immune
system-related proteins caused by the combined effect of anti-
PD1 and high-dose AA in tumor tissues from a syngeneic lung
cancer mouse model. The four immune system-related proteins
(Aktl, Mapkl4, Mapk3, and Kras) that were reduced by the
combination of anti-PD1 antibody and high-dose AA were AKT
and MAPK signaling proteins, which are involved in cell growth
(24-26). The Immune system-related proteins increased by the
combination of anti-PD1 and high-dose AA were involved in B cell
and T cell receptor signaling pathways, Fc gamma R-mediated
phagocytosis, and NK cell-mediated cytotoxicity. In previous
studies, AA treatment has been shown to increase the activity of
major immune cells (T cells, dendritic cells, macrophages, and NK
cells) (14, 17, 27). Moreover, the synergistic effect of these two drugs
in our study was additionally supported by increased granzyme B
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indicates not significant.

production by cytotoxic T cells and increased IL-12 production by
APCs. Our results suggest that the combination of anti-PD1 and
high-dose AA may act synergistically by modulating the activity of
cytotoxic T cells and other immune cells, such as NK cells
and APCs.

Increasing evidence suggests that high-dose intravenous AA is a
promising anticancer agent. Many clinical trials on high-dose AA
have confirmed its safety and efficacy in eradicating cancer cells in
various malignancies through various mechanisms (17, 23, 28). The
anticancer effects of high-dose AA via multi-targeting have been
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demonstrated, which include prooxidative cytotoxic agent, anticancer
epigenetic regulator, and immune modulator. In addition, high-dose
AA inhibited epithelial-to-mesenchymal transition, hypoxia, and
oncogenic kinase signaling (23, 29). Moreover, high-dose AA is
safe, tolerable, and potentially efficacious for lung cancer treatment;
it can act synergistically with chemotherapy and used as an agent for
reducing the toxic side effects of cancer therapy (23, 29-31). The role
of AA as a modulator of immune response has been reported in a few
studies. AA modulates the function of several immune cells and may
therefore have beneficial effects in cellular immunotherapy. Luchtel
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Proteomic analysis of the combination effects of high-dose AA and anti-PD1 in tumor tissues form syngeneic mouse model. (A) Venn diagram
depicting the abundance of proteins among the four groups. (B) The principal component analysis (PCA) results for the four groups show that they
are well separated. (C) Differentially expressed proteins (ANOVA, Benjamini-Hochberg method-based FDR < 0.05) were obtained via Z-score
normalization and visualized using a heatmap. Proteins were grouped into four clusters (distance threshold =2.183). Clusters 1 and 2 were proteins
down-regulated by AA and clusters 3 and 4 were proteins up-regulated by genistein compared to controls. In anti-PD1 treated groups, Clusters 1
and 3 were proteins affected by AA and were either down-regulated or up-regulated by AA, respectively, compared to treatment of anti-PD1 alone
but cluster 2 and 4 did not significant affect by AA.
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Protein-protein interaction (PPI) analysis (A) PPl network analyzed through STRING web site (www.String-db.org, PPl enrichment p < 7.74e-7), using as
input data that immune system-related genes (90 genes, BTO:0005810) among the differentially expressed genes (DEGs, 442 genes) in cluster 1. Red
nodes (3 genes) denote proteins implicated in the B cell receptor signaling pathway (KEGG pathways, mmu04662), and blue nodes (4 genes) denote
proteins implicated in the T cell receptor signaling pathway (KEGG pathways, mmu04660). (B) PPI network analyzed through STRING web site (PPI
enrichment p < 1.0e-16), using as input data that immune system-related genes (124 genes, BTO:0005810) among the DEGs (615 genes) in cluster 3. Red
nodes (6 genes) denote proteins implicated in the B cell receptor signaling pathway (KEGG pathways, mmu04662), blue nodes (7 genes) denote proteins
implicated in the T cell receptor signaling pathway (KEGG pathways, mmu04660), green nodes (9 genes) denote proteins implicated in the Fc gamma R-
mediated phagocytosis (KEGG pathways, mmu04666), and yellow nodes (7 genes) denote proteins implicated in Natural killer (NK) cell mediated
cytotoxicity (KEGG pathways, mmu04650). Line thickness indicated the strength of data support.
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et al. demonstrated that high-dose AA had a significant synergistic
effect with anti-PD1 therapy in a lymphoma mouse model (14).
The results of this study showed that high-dose AA increased the
intratumoral infiltration of CD4" and CD8" T cells and macrophages
into the tumor microenvironment, with increased production of
granzyme B and interleukin-12. Furthermore, high-dose AA has
been shown to modulate the infiltration of immune cells into the
tumor microenvironment, enhance the cytotoxic activity of
adoptively transferred CD8 + T cells, and cooperate with anti-PD1
and anti-CTLA-4 treatments in mice with syngeneic tumors (15).
Several previous studies have shown that AA acts as a cofactor for
DNA and histone demethylases, thereby inducing the epigenetic
regulation of T cell activation (27, 32).

However, the precise mechanism of action of high-dose AA as an
adjuvant for anti-PD1 treatment in lung cancer is not yet completely
understood. However, the mechanisms underlying the therapeutic
effects of AA combined with ICI require further investigation. In this
study, we showed in vitro that high-dose AA increases the cytotoxic
activity of CD8+ T cells using anti-PD1. Proteomic analysis showed
that high-dose AA is involved in the regulation of various immune
cells in anti-PD1-treated tumor tissue in a syngeneic tumor model.
These results suggest that high-dose AA enhances the therapeutic
effect of anti-PD1 as an adjuvant in NSCLC.

This syngeneic lung cancer mouse model has some limitations.
First, unlike humans, C57BL/6] mice can synthesize vitamin C.
Therefore, it is necessary to study whether the cancer environment
affects the synthesis of vitamin C in mice and whether the
administration of high-dose AA exceeds that of AA synthesized by
mice. However, our results showed that treatment of high-dose AA
significantly reduced tumor growth and increased CD8 and F40/80
expression compared to vehicle-treated controls. Moreover, the
administration of high-dose AA significantly increased the
anticancer effect of anti-PD1, which is similar to the results of
other studies (14). These data suggest that high-dose AA treatment
may induce AA levels beyond those endogenously synthesized in
mice, potentially creating a more permissive microenvironment for
anticancer immune responses. Second, the number of mice in each
group was too small to accurately evaluate the combined effects of
high-dose AA and anti-PD1. Nevertheless, we verified the role of
high-dose AA on the anticancer efficacy of anti-PD1 using an in vitro
model. Finally, mouse cancer models are unlikely to accurately
represent the clinical state of lung cancer. Immunotherapy is
administered to patients with established lung cancer. In our
model, high-dose AA was administered 7 days after transplantation
and the growth rate was monitored. Whether 7 days is sufficient for
tumor establishment should be considered. Therefore, further studies
are needed to control for the period of tumor establishment.

In conclusion, our results highlight the important role of high-
dose AA in the anticancer efficacy of anti-PDI1 in lung cancer
models and suggest that high-dose AA may be a potential adjuvant
for improving the efficacy of anti-PD1 immunotherapy in NSCLC.
The protein profiling data provide comprehensive information for
further studies to understand the molecular mechanism of high-
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dose AA in anti-PD1-treated lung cancer. Furthermore, our study
provides a rational preclinical basis to test the combination therapy
of anti-PD1 plus high-dose AA in lung cancer and paves the way for
testing promising combinations of the two drugs in preclinical
studies of other cancer types.
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