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Abstract: Cancer immunotherapy has emerged as a promising approach for treating various malignancies. In this
study, we investigated the combined therapeutic effects of mesenchymal stem cells expressing cytosine deaminase
(MSC/CD) and 5-fluorocytosine (5-FC) with a-galactosylceramide (x-GalCer) in a colon cancer model. Our findings
demonstrated that the combination of MSC/CD, 5-FC, and a-GalCer resulted in enhanced antitumor activity com-
pared to the individual treatments. This was evidenced by increased infiltration of immune cells, such as natural
killer T (NKT) cells, antigen-presenting cells (APCs), T cells, and natural killer (NK) cells, in the tumor microenviron-
ment, as well as elevated expression of proinflammatory cytokines and chemokines. Furthermore, we observed no
significant hepatotoxicity following the combined treatment. Our study highlights the potential therapeutic benefits
of combining MSC/CD, 5-FC, and a-GalCer for colon cancer treatment and contributes valuable insights to the field
of cancer immunotherapy. Future research should focus on elucidating the underlying mechanisms and exploring
the applicability of these findings to other cancer types and immunotherapy strategies.
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Introduction

Colorectal cancer (CRC) is a major global health
concern, ranking as the third most common
cancer and the second leading cause of can-
cer-related deaths worldwide [1]. Despite sig-
nificant advances in diagnostic techniques and
therapeutic interventions, CRC remains a sig-
nificant clinical challenge, with 50-60% of
patients diagnosed with malignant tumors [2,
3]. The development of innovative and effective
treatments is essential to improve patient out-
comes and reduce the burden of this disease.

Cancer immunotherapy has emerged as a
promising approach to harness the power of
the immune system to fight cancer [4]. Recent

studies have focused on understanding the
complex interactions between immune cells
and cancer cells in the tumor microenviron-
ment, aiming to develop therapeutic strategies
that modulate these interactions to enhance
antitumor responses [5]. Among the various
immunotherapeutic approaches, mesenchymal
stem cells (MSCs) have gained considerable
attention due to their inherent tumor-homing
ability [6] and potential to deliver anticancer
agents directly to the tumor site [7, 8].

In this study, we investigate the anticancer
effects of the combined administration of mes-
enchymal stem cells expressing cytosine deam-
inase (MSC/CD), 5-fluorocytosine (5-FC), and
a-galactosylceramide (a-GalCer) in a colon can-
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cer model. MSC/CD-based therapy works by
utilizing the ability of MSCs to selectively
migrate to tumor sites, where they express the
prodrug-converting enzyme cytosine deami-
nase (CD) and convert the non-toxic 5-FC into
the highly cytotoxic 5-fluorouracil (5-FU), lead-
ing to localized cancer cell death [9, 10].
However, its efficacy can be limited by various
factors, including the immunosuppressive na-
ture of the tumor microenvironment [11-13].
a-GalCer, a glycolipid antigen, has been shown
to activate natural killer T (NKT) cells and pro-
mote antitumor immunity [14-16]. We hypothe-
size that the combination of MSC/CD with 5-FC
and «o-GalCer will enhance the anticancer
effects by modulating immune cell populations
in the tumor microenvironment.

To test our hypothesis, we employed a colon
cancer model and analyzed the effects of the
combined therapy on tumor growth, immune
cell populations, and cytokine levels in the
tumor microenvironment. Our results demon-
strate that the multi-modal regimen combining
a-GalCer and MSC/CD with 5-FC induced DNA
damage, induced immune cells, and further
inhibited tumor cell proliferation. In addition,
killing tumor cells with MSC/CD and 5-FC
increases the sensitivity of a-GalCer-induced
immune cells to tumors, suppressing tumor cell
regrowth following 5-FU depletion. Therefore,
based on preclinical evidence, intratumoral
administration of MSC/CD and a-GalCer and
oral administration of 5-FC during the postop-
erative period may suppress the growth of
residual tumor cells after surgical resection
and activate the immune response to solid
tumors, significantly improving patient pro-
gnosis.

This study contributes new knowledge to the
field of cancer immunotherapy and advances
our understanding of immune cell modulation
in the tumor microenvironment, paving the
way for further advancements in cancer
management.

Materials and methods
Cell culture and maintenance

The CT26 murine colon carcinoma cell line was
purchased from Korean Cell Line Bank (Seoul,
Korea). The Lenti-X 293T cell line was obtained
from Takara Bio Inc. (Shiga, Japan). All experi-
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ments involving human MSCs were approved
by the Institutional Review Board of Ajou
University Medical Center (Suwon, South
Korea). The MSCs used in this study were
sourced and engineered to express the CD
transgene as detailed in our previous work [9,
17, 18]. In those studies, we demonstrated the
level of CD transgene expression and the effi-
cacy of these MSCs in converting 5-FC to 5-FU.
The MSC/CD system used in this study is cur-
rently being evaluated in clinical trials for brain
tumor treatment (NCT04657315), which indi-
cates its preclinically secured level of safety.
The MSCs were utilized under conditions that
minimize the risk of tumorigenicity.

To label CT26 cells with green fluorescent pro-
tein (GFP), we transduced them with a lentivirus
vector expressing GFP. GFP-expressing CT26
cells were selected using a BD FACSAria lll cell
sorter (BD, Franklin Lakes, NJ, USA). We main-
tained the CT26, CT26-GFP, Lenti-X 293T, and
MSC/CD cell lines in high glucose Dulbecco’s
Modified Eagle Medium (Welgene, Gyeongsan,
South Korea), supplemented with 10% fetal
bovine serum (Gibco, Grand Island, NY, USA)
and 1% penicillin/streptomycin (Gibco). The
MSC/CD culture was further supplemented
with 20 ng/mL bFGF (Peprotech, Cranbury, NJ,
USA). All cells were incubated with 5% CO, at
37°C.

Reagent preparation

5-Fluorouracil (5-FU) was purchased from
Sigma-Aldrich (St. Louis, MO, USA) for in vitro
experiments, while 5-FC was obtained from
Nantong Jinghua Pharmaceutical Co., Ltd.
(Nantong, Jiangsu, China) for in vivo experi-
ments. a-GalCer was acquired from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). A
stock solution of a-GalCer (1 mg/mL) was pre-
pared by dissolving it in 100% dimethyl sulfox-
ide (DMSO, Duksan, Ansan, South Korea) and
the solution was heated at 80°C for 2 hours
while shaking.

5-FU sensitivity test

CT26 and CT26-GFP were seeded in 24-well
plates at 5 x 103 cells per well. After 24 hours,
the indicated 5-FU concentrations were added
and replaced with fresh growth medium con-
taining 5-FU every other day. Viable cells were
measured for cytotoxicity using the MTT assay.
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Briefly, a 5 mg/mL MTT solution is diluted to
10% in medium, 500 uL is added to each well
and reacted for 4 hours. After adding 100%
DMSO and reacting sufficiently, 0.D. was mea-
sured at 540 nm.

Bystander effect test

Two bystander effect tests were performed. In
the first, MSC/CD and CT26-GFP were co-cul-
tured in a 1:1 ratio (with 1 x 10* MSC/CD cells
per well) in a 12-well plate. After 24 hours, the
indicated 5-FC concentration was added and
replaced with fresh growth medium containing
5-FC every other day. The surviving cells were
lysed in passive lysis buffer (Promega, Madison,
WI, USA), and cell lysate fluorescence was mea-
sured at 485 nm/535 nm using a SpectraMax
iD3 fluorescence meter (Molecular Devices,
San Jose, CA, USA). In the second test, MSC/CD
and CT26-GFP were co-cultured at the indicat-
ed ratio in a 12-well plate. After 24 hours, 1 mM
5-FC was added and replaced with fresh growth
medium containing 5-FC every other day. CT26-
GFP cell images were acquired on the 2nd and
4th days using an inverted IX71 microscope
(Olympus, Tokyo, Japan). The surviving cells
were measured in the same way as the first
test, using passive lysis buffer.

Tumor model and evaluation of therapeutic
efficacy in vivo

Male BALB/c mice aged 7-8 weeks were pur-
chased from Orient Bio (Seongnam, South
Korea) and housed in a temperature- and
humidity-controlled room with a 12-hour light/
dark cycle. All animal care and experiments
were conducted following the guidelines of the
Animal Care Committee of Ajou University
School of Medicine.

To establish the tumor model, CT26 cells (2 x
108) were implanted subcutaneously on the left
side of flank containing 20% Matrigel (Corning,
Corning, NY, USA). When tumors reached 80 to
120 mm? (usually 7-8 days post-implantation),
mice were randomly grouped so that the aver-
age tumor size was similar, and treatment
commenced.

For the administration of MSCs/CD, we em-
ployed intratumoral injection. While it is known
that MSCs/CD can migrate to tumor sites in
vivo, direct intratumoral injection was chosen
to ensure the presence of a high concentration
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of therapeutic cells at the tumor site from the
onset of treatment. This is particularly relevant
given the heterogeneity of tumor microenviron-
ments and potential barriers to cell migration.

The first group, the control group, was treated
with intratumoral injections of PBS, along with
oral administration of 2% methylcellulose as a
placebo. The second group received intratu-
moral injections of a-GalCer (120 ug/kg) on
Day 7 and additional a-GalCer was adminis-
tered on Days 11 and 13. They also received
oral administration of 2% methylcellulose as a
placebo. The third group was treated with intra-
tumoral injections of MSC/CD cells (1 x 10°) on
Day 7, and from the next day, these mice
received oral administration of 5-FC (900 mg/
kg) twice a day for three days at 6-9 hour inter-
vals. The fourth group was treated similarly to
the third group, with the addition of a-GalCer
(120 pg/kg) on Day 7, and additional a-GalCer
was administered on Days 11 and 13.

Tumor size in mice was measured every 2 to 3
days, and tumor volume was calculated using
the formula: V = m x (Length x Width?)/6. Mice
were considered dead when the tumor size
exceeded 3,000 mm3.

Measurement of in vivo cytokines

For cytokine analysis, tumors were collected
from the mice on days 8 (prior to 5-FC adminis-
tration) and 12. The tumors were rapidly frozen
on dry ice and stored at -80°C. Prior to homog-
enization, tumors were thawed and homoge-
nized with extraction buffer (100 mM Tris, pH
7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1%
Triton X-100, 0.5% Sodium deoxycholate,
Protease inhibitor cocktail, 1 mM PMSF) at a
concentration of 60 yL/mg. The samples were
shaken constantly at 4°C for 2 hours and then
centrifuged at 4°C at 18,000 g for 20 minutes.
The supernatant was placed into a refrigerated
tube and stored at -80°C. Cytokine analysis
was performed on LABISKOMA (Seoul, South
Korea) using a Luminex system (Luminex,
Austin, TX, USA). Intratumoral cytokines were
assessed in 4-6 mice, and statistical analysis
was conducted.

Measurement of in vivo immune cells
Lymph nodes and tumors were harvested from

the mice on days 8 (prior to 5-FC administra-
tion) and 12. The harvested tissues were
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placed in MACS tissue storage solution
(Miltenyi Biotec, Bergisch Gladbach, NRW,
Germany) and stored at 4°C. Lymph nodes (axil-
lary and inguinal) were isolated from both the
tumor-drained (dLN) and non-drained (NdLN)
sides of the mouse. The lymph nodes were
crushed using homogenizing pestles, passed
through a 40 pum cell strainer, and washed
before immune cell analysis. Tumors were iso-
lated, trimmed of surrounding fat and skin, and
then cut into 2-4 mm? pieces. A tumor dissocia-
tion kit for mice (Miltenyi) was used to dissoci-
ate the tumors into single cells using a
GentleMACS™ Dissociator (Miltenyi).

Immunophenotypic characterization of the iso-
lated immune cells was performed using an
Attune NxT Flow Cytometer (Thermo Fisher
Scientific, Waltham, MA, USA). The dissociated
cells were washed with flow cytometry staining
(FCS) buffer (Thermo Fisher Scientific) and
resuspended in 100 uL of FCS buffer. Fc recep-
tors were blocked using CD16/CD32 (Thermo
Fisher Scientific) for 10 min at 4°C. The immune
cells were then stained with indicated antibody
for 30 min in the dark at room temperature.
Data were analyzed using Attune NxT software
version 3.1.2 (Thermo Fisher Scientific).
Markers for each immune cell type are listed
in Supplementary Table 2, and antibodies are
listed in Supplementary Table 3. Gating for
FACS analysis was performed according to
Supplementary Figure 4. Immunophenotypic
characterization was carried out in a sample of
3-4 mice, and followed by statistical analysis.

Quantification and statistical analysis

Data management and analysis activities were
carried out in SigmaPlot software version 12.0
(SYSTAT software Inc., Palo Alto, CA, USA). In
vitro results were expressed as mean % stan-
dard deviation (SD), and in vivo results were
expressed as mean * standard error of the
mean (SEM). Normal distribution data obtained
from the two groups of experiments and
immune cell and cytokine experiments were
compared by t-test, and non-normal distribu-
tion data were analyzed by the Mann-Whitney
Rank Sum Test. Tumor size and survival data of
different groups were analyzed by one-way
analysis of variance (ANOVA) test followed by
the Bonferroni test. Statistical significance was
assigned at the P<0.05 level.

2442

Result

MSC/CD with 5-FC demonstrates moderate an-
ticancer effects in a colon cancer model

We assessed the bystander effect of MSC/CD
on colon cancer cells using a co-culture meth-
od, where CT26-GFP cells were prepared using
lentivirus expressing GFP. The IC50 value for
5-FU in CT26-GFP cells was found to be similar
to that of naive CT26 cells (Figure 1A), indicat-
ing that GFP expression does not alter CT26
cells’ sensitivity to 5-FU. The results demon-
strated that 5-FC displayed a concentration-
dependent killing of CT26-GFP cells in the
MSC/CD bystander effect against CT26-GFP
(IC50 value for 5-FC = 30.42 + 1.17 uM) (Figure
1B). Additionally, the bystander effect of MSC/
CD was confirmed by examining the ratio of
MSC/CD to CT26-GFP, and the survival rate of
CT26-GFP was inversely proportional to the
number of MSC/CD cells (Figure 1C, 1D). These
findings suggest that the MSC/CD bystander
effect relies on the MSC/CD dose, 5-FC con-
centration, and 5-FC treatment duration.

In an in vivo study, a cancer model was created
by subcutaneously injecting CT26 cells into
mice. MSC/CD with 5-FC administration result-
ed in weak differences in tumor size compared
to controls on days 13 and 21 (Figure 1E, 1F).
Additionally, changes in immune cells in the
tumor tissue were observed following MSC/CD
and 5-FC treatment, leading to a reduction of
CD4 T cells and CD8 T cells compared to the
control group (data not shown).

Combination of MSC/CD with 5-FC and
o-GalCer exhibits enhanced anticancer effects
in a colon cancer model

To increase the immune cells in tumors Kkilled
by 5-FU, we co-administered MSC/CD contain-
ing 5-FC and a-GalCer to a colorectal cancer
model (Figure 2A). The combined treatment
significantly reduced tumor size and increased
survival rate in the colorectal cancer model
compared to the control group (Figure 2B-D).
This result indicates that the combined admin-
istration of 5-FC-containing MSC/CD and
a-GalCer has more effective anticancer effects
than 5-FC-containing MSC/CD alone. On day
12, a decrease in leukocytes and an increase in
neutrophils were observed in the blood of
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Figure 1. Antitumor effects of MSC/CD and 5-FC in CT26 colon cancer cells in vitro and in vivo. A. CT26 and CT26-
GFP cells cultured with various concentrations of 5-FU. B-D. Bystander effect of MSC/CD. B. CT26-GFP co-cultured
with MSC/CD and treated with different concentrations of 5-FC. C, D. MSC/CD (E: Effector cells) and CT26-GFP (T:
Target cells) co-cultured at various E:T ratios and treated with 5-FC. E, F. CT26 cells inoculated into the left flank
of BALB/c mice. After tumor formation, MSC/CD was injected intratumorally, and 5-FC was orally administered. In
the control group, PBS was injected instead of MSC/CD, and 2% methylcellulose was orally administered instead of
5-FC. E. Tumor volume over time; F. Tumor volume on days 7, 13, and 21. *P<0.05.

tumor-bearing mice compared to normal mice.
When MSC/CD and a-GalCer were co-adminis-
tered, the number of leukocytes in the blood of
tumor-bearing mice increased to levels similar
to those in normal mice, and the number of
neutrophils also decreased to levels compara-
ble to those in normal mice (Supplementary
Table 1).
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Administration of MSC/CD and a-GalCer af-
fects NKT cells and intratumoral cytokines

We investigated the effect of MSC/CD and/or
a-GalCer administration on NKT cells in drain-
ing lymph nodes and tumors at different times
(Figure 3A). It’'s important to note that on Day 8,
before the administration of 5-FC, the effects
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Figure 2. Antitumor effect of combined treatment with MSC/CD, 5-FC, and a-GalCer in CT26 colon cancer model.
BALB/c mice with CT26 tumors were randomly divided into four groups (n = 5-7). Group 1 (Control) received PBS
and 2% methylcellulose; Group 2 (x-GalCer) received a-GalCer and 2% methylcellulose; Group 3 (MSC/CD + 5-FC)
received MSC/CD and 5-FC; Group 4 (Combined) received MSC/CD, 5-FC, and a-GalCer. Treatment schedule is il-
lustrated in (A). A representative image of a tumor-bearing mouse on day 12 is depicted in (B). The change in tumor
volume over time is shown in (C), with distinct markers for each treatment group. Kaplan-Meier survival plots are
displayed in (D), again with separate lines for each group. **P<0.01. Notably, some mice were sacrificed on day 8
(before 5-FC administration) and day 12 for histological analysis.

observed in Groups 3 (MSC/CD) and 4 (MSC/
CD + a-GalCer) were primarily due to the pres-
ence of naive MSC or MSC + a-GalCer. The dis-
tinct response in Group 4 can be attributed to
the synergistic effect of MSC/CD and a-GalCer,
which enhances the activation of NKT cells
even before the administration of 5-FC. On day
12, following the administration of 5-FC, Group
4 showed an increase in NKT cells in the
drained lymph nodes compared to the other
groups (Figure 3B). Within the tumor, Group 4
displayed a significantly increased percentage
of NKT cells compared to Group 1 on day 8.
On day 12, NKT cells decreased in Group 3,
where MSC/CD was administered alone; how-
ever, this decrease was recovered by the co-
administration of a-GalCer in Group 4 (Figure
3C). Intratumoral cytokine levels, specifically
interferon-gamma (IFN-y) and interleukin-2 (IL-
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2), exhibited varying patterns among the
groups. Notably, Group 4 demonstrated higher
levels of IFN-y on day 12 compared to the other
groups (Figure 3D, 3E). Interleukin-4 (IL.-4) was
increased by administration of MSC/CD and
5-FC alone in Group 3 and decreased when
a-GalCer was administered together in Group
4, but there was no statistical significance
(Figure 3F).

Effects of MSC/CD and/or a-GalCer admin-
istration on intratumoral antigen-presenting
cells (APCs) and cytokine levels

We further explored whether the increase in
NKT cells induced by MSC/CD and/or a-GalCer
administration was accompanied by an in-
crease in intratumoral APCs, by analyzing the B
cells, macrophages, and dendritic cells (DCs) in
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Figure 3. NKT cells and cytokine levels in combined treatment with MSC/CD, 5-FC, and a-GalCer in CT26 colon
cancer model. After tumor formation, Groups 1-4 received PBS, a-GalCer, MSC/CD, and MSC/CD with a-GalCer
intratumoral injection, respectively. Mice were sacrificed for Day 8 (before 5-FC administration; D8) and Day 12
(D12) analysis. A. In vivo analysis scheme. The percentage of NKT cells in each tissue was analyzed by FACS, gated
on CD3*NK1.1*. B. Drained lymph nodes; C. NKT cells in tumors; D-F. Cytokine levels in tumors. Statistical analyses
were performed on days 8 and 12, and between days 8 and 12 for each group. *P<0.05, **P<0.01.

tumors. On day 8, the B cell ratio tended to
increase in Group 2 compared to the control
group, but the difference was not statistically
significant (Figure 4A). Intratumoral macro-
phages increased in all groups on day 12, and
Group 4 increased significantly more than
Groups 2 and 3 (Figure 4B). Within the tumor,
Group 4 showed a significant increase in DCs
compared to the other groups on day 12 (Figure
4C). Among the intratumoral cytokines ana-
lyzed, GM-CSF showed the highest level in
Group 2, followed by Group 4 (Figure 4D).
Interleukin-12 (IL-12) showed different patterns
between groups (Figure 4E).

Effects of MSC/CD and a-GalCer administra-
tion on CD4 T cell and CD8 T cell counts and
cytotoxicity of these cells

In our study, we confirmed that the administra-
tion of MSC/CD and «-GalCer resulted in an
increase in NKT cells and APCs. Following this,
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we investigated the effects on CD4 T cells, CD8
T cells, and their cytotoxicity. In the drained
lymph nodes, at day 12, Group 4 showed an
increased CD4 T cells compared to the control
group (Figure 5A). In the tumor, CD4 T cells in
Groups 2 and 3, which were treated with
a-GalCer and MSC/CD alone, were significantly
reduced compared to Group 1. However, it was
restored by co-administration of a-GalCer and
MSC/CD (Figure 5B). CD8 T cells in drained
lymph nodes were similar for all groups on both
days 8 and 12 (Figure 5C). Within the tumor,
Group 4 had an increase compared to the other
groups on day 8. On day 12, Group 3 treated
with MSC/CD had a significant decrease in CD8
T cells, but this decrease was reversed by the
combined administration of a-GalCer (Figure
5D).

Additionally, the effect on natural killer (NK)
cells, which are cytotoxic to tumor cells, was
investigated. In drained lymph nodes, Group 4

Am J Cancer Res 2023;13(6):2439-2451
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tended to increase significantly both on day 8
and day 12 (Supplementary Figure 2A). Within
the tumor, Group 4 showed a statistically sig-
nificant increase in NK cells on day 8 compared
to Groups 1 and 2. On day 12, Group 2, which
received a-GalCer alone, decreased compared
to the control group, and this decrease was
restored by the combined administration of
MSC/CD (Supplementary Figure 2B). Intra-
tumoral Granzyme B levels were significantly
higher in Group 4 than in the other groups at
day 12 (Figure 5E).

Effects of MSC/CD and a-GalCer administra-
tion on immunosuppressive cells and cytokine
levels

We investigated the effect of MSC/CD and/or
a-GalCer administration on the immunosup-
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Figure 4. Antigen-presenting cells and cytokine lev-
els in combined treatment with MSC/CD, 5-FC, and
o-GalCer in CT26 colon cancer model (Refer to Figure
3A for group treatments and experimental scheme).
A-C. Intratumoral APCs measured by FACS. A. CD3
CD19* B cells; B. CD3CD11c*CD64* macrophages; C.
CD3CD11c*MHCII* DCs. D, E. Intratumoral cytokine
levels. D. GM-CSF; E. IL-12 p70. Statistical analyses
were performed on D8 and D12, respectively, and be-
tween D8 and D12 for each group. *P<0.05, **P<0.01,
**%P<0.001.

pressive cells, regulatory T cells (Tregs), and
myeloid-derived suppressor cells (MDSCs), in
tumors. The results showed that at day 12,
Group 2 tended to decrease the proportion of
Tregs within the tumor compared to the control
group. Group 4 receiving the combination treat-
ment also showed a tendency to decrease, but
the difference was not statistically significant
(Figure 6A). On day 12, intratumoral MDSCs
tended to increase significantly in Group 2 com-
pared to the control group. In Group 4, it was
decreased again by the combined administra-
tion of MSC/CD, but higher than the control
group (Figure 6B). Intratumoral interleukin-10
(IL-10) and interleukin-13 (IL-13) tended to
increase significantly with tumor growth in the
control group. However, Groups 2 and 4 did not
have increased cytokine levels (Figure 6C, 6D).
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Discussion

In this study, we aimed to investigate the anti-
cancer effects of the combined administration
of MSC/CD, a-GalCer, and 5-FC in a colon can-
cer model. Our results demonstrate that combi-
nation therapy enhances the anticancer effects
by modulating immune cell populations in the
tumor microenvironment. The findings contrib-
ute new knowledge to the field and have impli-
cations for the development of novel therapeu-
tic strategies for colon cancer.

One point of divergence observed in our study
is that the combination of MSC/CD and 5-FC
treatment was less effective in the colon can-
cer model compared to the glioma model
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Figure 5. CD4* and CD8* T cell response in combined
treatment with MSC/CD, 5-FC, and a-GalCer in CT26
colon cancer model (Refer to Figure 3A for group treat-
ments and experimental scheme). T cells in tumors
and dLNs were measured by FACS with each corre-
sponding gating. A, C. Drained lymph node analysis;
B, D. Tumor analysis. A, B. CD3*CD4* T cells; C, D.
CD3*CD8* T cells. E. Intratumoral Granzyme B (Grzm
B) levels. Statistical analyses were performed on D8
and D12, respectively, and between D8 and D12 for
each group. *P<0.05, **P<0.01.

reported in previous research [9]. This differ-
ence may be due to the distinct immune envi-
ronments of the brain and other tissues, which
could affect immune cell infiltration and activa-
tion [19]. This highlights the importance of fur-
ther investigating the role of the immune envi-
ronment in the therapeutic efficacy of MSC/CD
and 5-FC.

Another contrasting finding is the decrease in T
cells following the administration of MSC/CD
and 5-FC in our study. Previous studies have
reported that 5-FU can induce T cells by killing
MDSCs [20, 21]. However, in our approach, the
MSC/CD converts 5-FC into 5-FU within the
tumor microenvironment, leading to a local high
concentration of 5-FU, which may have differ-
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Figure 6. Immunosuppressive cell response and cytokine levels in combined treatment with MSC/CD, 5-FC, and
a-GalCer in CT26 colon cancer model (Refer to Figure 3A for group treatments and experimental scheme). A, B.
Immunosuppressive cells in tumors were analyzed using FACS. A. CD3*CD4*CD25* Tregs; B. CD11b*Gr-1* MDSCs.
C, D. Cytokine levels in tumors. C. IL-10; D. IL-13. Statistical analyses were performed on D8 and D12, respectively,
and between D8 and D12 for each group. *P<0.05, **P<0.01, ***P<0.001.

ent impacts on T cells. These differences could
include variations in the mode of 5-FU adminis-
tration, dosages, or time points examined. A
deeper understanding of these differences is
crucial for fully comprehending the overall anti-
cancer activity of combination therapy.

Reflecting on our findings, we observed a sig-
nificant effect of MSC/CD, 5-FC, and a-GalCer
on CD4 T cells, CD8 T cells, and NK cells within
the tumor microenvironment. Importantly, we
observed significantly higher intratumoral gran-
zyme B levels in Group 4 compared to other
groups on day 12. This finding might appear to
contrast with the numbers of NK and CD8* T
cells in Group 4, which on day 12 were compa-
rable to, or even lower than, those in Group 1.
However, it's important to note that Group 4
had an increase in both CD8 T cells and NK
cells compared to the other groups on day 8.

The observed increase in granzyme B on day
12 might therefore be a result of the height-
ened presence of these cytotoxic cells earlier in
the treatment. Granzyme B is a key effector
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molecule of cytotoxic cells that can remain in
the tissue after the cells have decreased in
number. As such, the elevated levels of gran-
zyme B on day 12 could be a residual effect of
theincreased CD8 T cells and NK cells observed
on day 8. This hypothesis aligns with the known
characteristics of immune responses, which
often involve temporal shifts in cellular compo-
sition and activity. Further studies are needed
to verify this hypothesis and to fully understand
the dynamics of immune cells and their effec-
tor molecules in response to the combination
treatment.

Interestingly, we observed that while there was
a significant increase in %CD3*NK1.1" cells and
dendritic cells (DCs) in Group 4 (MSC/CD +
«a-GalCer) on day 8, this difference was no lon-
ger apparent on day 12. Although at first glance
this may appear contradictory to the enhanced
anti-tumor effects of the combination treat-
ment, it is important to note that the function of
immune cells is not solely dictated by their
quantity. For instance, even if the number of
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these cells decreased by day 12, those present
earlier may have initiated a robust immune
response, leading to enhanced production of
effector molecules such as INF-y. This aligns
with our observation of significantly increased
INF-y in Group 4 compared to Group 1 on day
12, despite similar %CD3*NK1.1" cell levels.
Furthermore, the presence of immune cells in
the tumor microenvironment can also influence
other immune cell types and modulate the
overall immune response, which may explain
the observed anti-tumor effects despite similar
%CD3*NK1.1" cell and DC counts in Group 4
and Group 1 on day 12. This underscores the
complexity and dynamism of immune respons-
es in the tumor microenvironment and warrants
further investigation.

To enhance the infiltration of immune cells
into tumors eradicated by 5-FU, a-GalCer, an
NKT cell augmenting agent, was administered.
Previous studies have reported hepatotoxi-
city associated with a-GalCer [22, 23]. Conse-
quently, the potential hepatotoxicity of a-Ga-
ICer, based on the intratumoral (i.t.) injection
route employed in this study, was investigated.
Hepatic fibrosis assessment via trichrome
staining and liver function markers, such as
alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), revealed no hepato-
toxic effects following i.t. injection (Supple-
mentary Figure 1). Thus, concerning a-GalCer’s
adverse effects, i.t. administration may be
regarded as a more favorable route of ad-
ministration.

We observed that the administration of
a-GalCer alone did not result in increased NKT
cells, which is in contrast to what has been
reported in previous studies [24, 25]. These dif-
ferences may be due to the immunosuppres-
sive state within the tumors observed in our
study [26-28]. Further investigation of the
underlying mechanisms responsible for these
differences and their potential implications for
cancer immunotherapy is essential.

Furthermore, our study observed that co-
administration of a-GalCer with MSC/CD and
5-FC led to increased infiltration of immune
cells such as NKT cells, APCs, T cells, and NK
cells in the tumor microenvironment. This
observation aligns with previous studies high-
lighting the immunostimulatory effects of
a-GalCer [25, 29]. The increased immune cell
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infiltration in our study resulted in enhanced
therapeutic effects in the colon cancer model,
suggesting that the combination of MSC/CD,
5-FC, and «a-GalCer could potentially improve
the outcomes of colon cancer treatment.

On day 12, a decrease in leukocytes and an
increase in neutrophils were observed in the
blood of tumor-bearing mice compared to nor-
mal mice (Supplementary Table 1). Interestingly,
when MSC/CD and a-GalCer were co-adminis-
tered, the number of leukocytes in the blood of
tumor-bearing mice increased to levels similar
to those in normal mice, and the number of
neutrophils also decreased to levels compara-
ble to those in normal mice. The increase in
neutrophils observed in tumor-bearing mice
may be indicative of an inflammatory response
and the presence of a tumor-promoting envi-
ronment [30]. In the context of cancer, neutro-
phils have been reported to exhibit pro-tumori-
genic properties, including promoting angio-
genesis, tissue remodeling, and suppression of
antitumor immunity [31, 32]. The observed
reduction in neutrophil numbers following the
combined treatment suggests a shift towards a
more favorable immune environment, which
may contribute to the enhanced therapeutic
efficacy of the combination therapy. Further
investigation into the specific roles of neutro-
phils in the tumor microenvironment and their
modulation by the combined treatment could
provide valuable insights for optimizing cancer
immunotherapy strategies.

To provide a more comprehensive understand-
ing of our findings, we also examined the
expression of various cytokines and chemo-
kines, including IFN-y, tumor necrosis factor-
alpha (TNF-a), and IL-12 in serum. Our results
showed that co-treatment with MSC/CD, 5-FC,
and a-GalCer increased the expression of cyto-
kines and chemokines related to tumor-pro-
moting immunity as well as antitumor immune
response (Supplementary Figure 3). This obser-
vation is a result of excessive activation of the
immune response of NKT cells and peripheral
immune cells [33]. This suggests that immuno-
therapy can have lethal outcomes, but the
absence of these side effects may raise ques-
tions about the efficacy of treatment and tumor
cell ablation. In addition, our results are advan-
tageous in terms of the stability of immunother-
apy, with short symptoms that occurred on day
8 and were not observed on day 12.
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Additionally, we evaluated the potential side
effects of the combined treatment on healthy
tissues and organs, particularly the liver. Our
findings suggested that the combined treat-
ment did not induce significant hepatotoxicity,
as indicated by the absence of any noticeable
histological changes or elevations in serum
markers of liver damage.

In summary, our study demonstrated the poten-
tial therapeutic benefits of combining MSC/CD
and 5-FC with a-GalCer in a colon cancer
model. While our findings are consistent with
certain aspects of existing literature, there are
discrepancies that warrant further investiga-
tion. Our study contributes new knowledge to
the field of cancer immunotherapy, particularly
regarding the immune environment and its
impact on therapeutic efficacy. Moreover, our
findings emphasize the importance of under-
standing the role of immune cells in the tumor
microenvironment and the underlying mecha-
nisms that govern their activity.

Future studies should aim to elucidate the pre-
cise mechanisms behind the discrepancies
observed between our results and previous
reports, as well as the potential implications of
these findings for cancer immunotherapy.
Furthermore, additional research is needed to
explore the generalizability of our results to
other cancer types and the potential applica-
tions of our findings in other immunotherapy
strategies.

By providing a comprehensive analysis of our
results in relation to the originally stated prob-
lem, hypotheses, and methods, this discussion
allows for a more in-depth understanding of the
strengths and limitations of our study. This criti-
cal evaluation is an essential step towards
advancing the science and art of environmental
management and cancer immunotherapy.
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Supplementary Table 1. Change in WBCs after MSC/CD with 5-FC and a-GalCer treatment

MSC/CD MSC/CD+a-GalCer

Normal Mice
Lymphocytes 5893 +5.71
Neutrophils 27.63+2.34
Eosinophils 0.10 £0.10
Basophils 5.40 £ 2.69
Monocytes 2.77 £1.08

23.87 + 20.75"
79.10 £ 42.03

11.37 £ 16.74

30.27 £ 6.73" 36.97 + 2.80" 53.17 £ 8.54
47.73 £3.59" 5250+ 0.75""  20.70 £ 1.04™

0.10 £ 0.10 0.13+0.23
1.40+0.75 4.20+2.79

13.37 +3.76"  6.07 + 0.40" 15.53 + 3.04™

Blood was collected on Day 12. WBC analysis was performed using ADVIA 2021i. Results are expressed as Mean + S.D. Statis-
tical analysis was performed by t-test based on the normal mouse group. P-value: * <0.05, ** <0.01, " <0.001.

Supplementary Table 2. Immune cell markers

Marker Cell type
CD3*CDh4* T, cells
CD3*CD8* T, cells
CD3NK1.1* NK cells
CD3*NK1.1* NKTcells
CD3*CD4*CD25* Tregs
CD11b*GR-1* MDSCs
CD3CD19* B cells
CD3CD11c*CDh64* Macrophages

CD3CD11c*MHCII*

Dendritic cells

Supplementary Table 3. Antibodies used in experiments

Tested dilution Supplier Cat No.

anti-CD3

anti-CD4

anti-CD8a

anti-CD19

anti-CD25

anti-NK1.1

anti-Ly-6G/Ly-6C

anti-CD11b

anti-CD11c

anti-CD64

anti-MHCII (I-A/I-E)

anti-CD16/CD32

SYTOX AADvanced Dead cell stain kit
Live/Dead Fixable Red Dead cell stain kit

APC-eFluor 780
eBio1D3(1D3)

PerCPCyanine5.5
AlexaFluor 700
APC-eFluor 780

488 nm excitation
488 nm excitation

(ug/test)
0.25 invitrogen  11-0032-82
0.25 invitrogen  25-0041-82
0.5 invitrogen  47-0081-82
0.25 invitrogen  25-0193-82
0.125 invitrogen  17-0251-82
0.25 invitrogen  12-5941-82
0.06 invitrogen  45-5931-80
0.25 invitrogen  56-0112-82
0.5 invitrogen  47-0114-82
0.5 invitrogen  12-0641-82
0.03 invitrogen  17-5321-82
0.5 invitrogen  14-0161-86

- invitrogen S10349
- invitrogen L34972
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Supplementary Figure 2. Effect on NK cells after combined treatment with MSC/CD containing 5-FC and a-GalCer
in CT26 colorectal cancer model. Experiments were conducted according to Figure 3A. NK cells in each tissue were
analyzed by FACS by gating for CD3'NK1.1*. (A) NK cell ratio in dLN, (B) in tumors. n = 3-4. "P<0.05.



Combined MSC/CD and a-GalCer therapy in colon cancer

A IFN-y B IL-2 C L4
* *
* Kkk *k
*k i
—~ 3000 - g 5 _ 80
- -}
£ 20 : . 2 Tw
£ 1500 I 2 40
> 1000 1 © z ° =2 3 20
8 D P | L 1
D& D12 D8 D12 D8 D12 D8 D12 D8 D12 D8 D12 D8 D12 D8 D12 D8 D12 D& D12 D8 D12 D8 D12
1 2 3 4 1 2 3 4 1 2 3 4
D IL-12 E IL-10 F IL-13
ek
* *
* Hekk * *k x
Kk *% kkK *K * ook
*kk kK
~ 1000 o —~ 40 £ e ~ 250 o 0
-] o ) - -]
£ 800 ° E 3 E 200 o 3
2 600 . 22 2 150 o &
o 400 o 3 S 5 100
< 200 - 10 < 50
295 . 2 5 ot ] Baits, 25 L et :
D8D12 D8D12 D8DI2  DEDI2 D8D12 D8D12 D8D12  DBDI2 D8D12 D8D12 DBDI12  DBDI2
1 2 3 4 1 2 3 4 1 2 3 4

G TNF-a

*

_—

ok

ok
= 10 o
Es o
2s R
?4
L 2 . .
Fo > aw

DeD12 D8 D12 D& D12 D& D12

1 2 3 4

Supplementary Figure 3. Cytokine levels in serum after combined treatment of MSC/CD with 5-FC and a-GalCer
in CT26 colon cancer model. Experiments were conducted according to Figure 3A; blood was collected, serum was
separated, and cytokine levels were measured. (A) IFN-y, (B) IL-2, (C) IL-4, (D) IL-12, (E) IL-10, (F) IL-13, (G) TNF-c.
"P<0.05, ""P<0.01, *"P<0.001.
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