
Frontiers in Immunology | www.frontiersin.

Edited by:
David L. Wiest,

Fox Chase Cancer Center,
United States

Reviewed by:
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Capecitabine (CAP) is now widely used in the comprehensive treatment of digestive system
tumors. Some clinical observations have shown that CAP may have immunosuppressive
effects, but there is still a lack of clear experimental verification. In this study, different doses of
CAP were administered to normal mice by gavage. Our results confirmed that CAP did not
cause myelosuppression in bone marrow tissue; CAP selectively reduced the proportion of T
cells and the concentration of related pro-inflammatory cytokines, while it increased the
concentration of anti-inflammatory cytokines. Thymidylate phosphorylase (TP) is the key
enzyme for the transformation of CAP in vivo; this study confirmed that T cells express TP, but
the bone marrow tissue lacks TP expression, which explains the selectivity in
pharmacodynamic effects of CAP. In addition, it was confirmed that CAP can induce T cell
apoptosis in vivo and in vitro. In vitro experiments showed that CAP-induced T cell apoptosis
was related to TP expression, endoplasmic reticulum stress (ERS) induction, reactive oxygen
species (ROS) production, and mitochondria-mediated apoptosis activation. Therefore, this
study confirmed that the differential expression of TP in cells and tissues explains why CAP
avoids the toxic effects of myelosuppression while inducing T cell apoptosis to exert the
immunosuppressive effect. Therefore, CAPmay become an immunosuppressive agent with a
simultaneous anti-cancer effect, which is worthy of further studies.

Keywords: capecitabine, T cell, thymidylate phosphorylase, apoptosis, immunosuppression
INTRODUCTIONS

Capecitabine (CAP) is a classic antimetabolic chemotherapeutic drug, which has become the first-
line chemotherapeutic drug for malignant tumors, such as colorectal cancer (1, 2). Recent studies
have confirmed that CAP also has a good therapeutic effect on hepatocellular carcinoma (HCC) (3–
6). In 2017, Ravaioli et al. found that CAP metronomic chemotherapy achieved a 1-year survival
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rate similar to sorafenib, and that there was no acute rejection
during treatment in patients with HCC recurrence after liver
transplantation (3). Their findings suggested that CAP may be a
potential drug with both immunosuppressive and anti-cancer
effects, which has important clinical application value in liver
transplantation patients with HCC. As the oral prodrug of 5-
fluorouracil (5-FU), CAP is completely absorbed through the
intestinal tract; it depends on carboxylesterase (CES) and
cytidine deaminase (CDA) to be converted into 5′-deoxy-5-
fluorocytidin (5′-DFCR) and 5′-deoxy-5-fluorouridine (5′-
DFUR), which are finally converted to 5-FU by thymidylate
phosphorylase (TP). CES and CDA are highly expressed in the
liver, which may endow CAP-related intermediate metabolites
with a higher concentration in the liver (7). Moreover, the
expression of TP in the cancer tissue is significantly higher
than that in the surrounding normal tissues; thus, a higher
concentration of 5-FU accumulates in cancer tissue and exerts
an anti-cancer effect (8). Therefore, the distribution of TP
determines the distribution of roles of CAP. Since TP is also
highly expressed in lymphocytes (9), another characteristic of
CAP is the ability to target cancer cells and lymphocytes
simultaneously. These two pharmacological characteristics
provide potential advantages and theoretical basis for us to
explore the application of CAP as a drug with both
immunosuppressive and anti-cancer effects in liver
transplantation patients with HCC.

Previous studies have confirmed that 5-FU—the active
component of CAP in vivo—nonselectively inhibits immune
cells, such as T cells, B cells, NK cells, and monocytes in
peripheral blood of mice (10); at the same time, 5-FU also has
a severe myelosuppression effect (11–13). In contrast, due to the
difference in the distribution of TP in tissues and cells, CAP may
circumvent some of the side effects of 5-FU; thus, it is possible
that its impact on the immune system may be different from that
of 5-FU. The current research on the effect of CAP on immunity
is limited to related research on CAP combined with other
chemotherapeutic drugs in the field of tumor immunity (14–
17). However, there is still a lack of experimental observations on
the effect of CAP monotherapy on the lymphocyte subsets,
cytokines, and bone marrow of normal mice. Therefore, here,
we constructed different doses of CAP mice feeding models to
observe the effects of CAP on the immune system of mice, with
the idea to provide the basis for understanding and supporting
the use of CAP as an immunosuppressive agent with anti-cancer
effects to optimize the medication regimen in liver transplant
patients with HCC in the future.
MATERIALS AND METHODS

Animals
All the animals were obtained from China National Institutes for
Food and Drug Control. Male Balb/c mice, aged 6–8 weeks (20–
22 g) were housed in a room with a 12 h light/dark cycle with
access to standard laboratory food and filtered clean water ad
libitum. After one-week acclimatization to the laboratory
Frontiers in Immunology | www.frontiersin.org 2
conditions, the mice were assigned into three equal groups as
follows: (i) CON group (n=15): intragastric 0.9% normal saline;
(ii) MET group (n=15): intragastric metronomic dose of
capecitabine (Solarbio, Beijing, China) (100 mg/kg·day) (16);
(iii) MTD group (n=15): intragastric maximum tolerated dose of
capecitabine (Solarbio, Beijing, China) (400 mg/kg·day) (16). On
the 7th, 14th, and 21st day after gavage, five mice were sacrificed
at one time. The animals received humane care and were
maintained in accordance with the guidelines established by
the Committee on Laboratory Resources, National Institutes of
Health. All the experiments were approved by the Ethics
Committee of Nankai University.

Cell Lines
The T lymphoma cell lines EL4 and MOLT4 were purchased
from the National Collection of Authenticated Cell Cultures
(Shanghai, China). EL4 and MOLT4 cells were cultured in RPMI
medium 1640 and DMEM medium (Gibco, Grand Island, CA,
USA) supplemented with 10% fetal bovine serum (FBS)
(Biowest, Loire Valley, France), 100 IU/mL penicillin, and 100
mg/mL streptomycin (Solarbio, Beijing, China) and maintained
in a humidified incubator (37°C, 5% CO2).

Flow Cytometry Analysis
Mononuclear cells of spleen and peripheral blood were isolated
from the sacrificed mice using mouse organ mononuclear cells
separation solution (Solarbio, Beijing, China) by gradient
centrifugation. The purified mononuclear cells were incubated
with anti-CD3, anti-CD4, anti-CD8, anti-CD19, or anti-CD49b
antibodies (BioLegend, San Diego, CA, USA). At least 5000
mononuclear cells per sample were acquired, and the absolute
count of lymphocyte subset per 5000 cells was calculated based
on Accuri C6 Plus flow cytometry (BD Biosciences, Palo Alto,
CA, USA) with positive markers: CD3+ T cells, CD3+CD4+ T
cells, CD3+CD8+ T cells, CD19+ B cells, and CD49b+ NK cells.

Luminex
The concentrations of serum cytokines (CCL2, CCL3, CCL4,
CCL5, CCL20, CXCL1, CXCL2, G-CSF, GM-CSF, M-CSF,
IFN-g, IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13,
IL-17, VEGF, and TNF-a) were detected with LXSAHM-23
(R&D Systems Inc., Minnesota, USA) following the
manufacturer’s instructions. Briefly, serum samples were
incubated with antibodies conjugated to microspheres,
biotinylated antibodies and streptavidin–phycoerythrin
fluorescent conjugate (SA-PE) in sequence. The Luminex ®

200TM instrument was used to detect the intensity of the
signal for each microsphere added to the protein samples.

Cell Viability
The cell viability was evaluated by CCK-8 assay (Boster, Hubei,
China) and calculated as the percentage of (OD test − OD
blank)/(OD control − OD blank). Then, the half-maximal
inhibitory concentration (IC50) was calculated by using
GraphPad 8.0 software (GraphPad Software Inc., CA, USA)
based on the data of CCK-8 assay.
September 2021 | Volume 12 | Article 737849
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Hematoxylin and Eosin Staining
The femora were decalcified by EDTA decalcifying solution
(Solarbio, Beijing, China) at first. Then, the femora were fixed
with 10% neutral formalin solution, dehydrated, paraffin
embedded, sliced into 4-µm sections, and stained with H&E in
sequence. The morphological changes in the bone marrow were
evaluated using a Ni-U microscope (Nikon, Japan) at
100× magnification.

Immunohistochemistry Assay
Briefly, the samples were dehydrated, embedded in paraffin,
sectioned, and subjected to TP and CD34 (Abcam, Cambridge,
UK) antibodies. The signal was obtained and photographed
under a microscope at 200× magnification.

Isolation of CD3+T Cells and Activation
Mononuclear cells from the spleen of mice were collected, and
CD3+ T cells were isolated using anti-CD3 microbeads (Miltenyi
Biotec, Germany). CD3+ T cells were cultivated in 24-well plates
at 1×106 cells/mL per well in a culture medium with anti-CD3
antibody (2 µg/mL) and anti-CD28 antibody (1 µg/mL). After
16–18 h, the cells were collected for further use.

Apoptosis Assays
An apoptosis kit (Solarbio, Beijing, China) was employed to
detect apoptosis of T cells in line with the manufacturer’s
instructions. Apoptotic cells were included the sum of early
(Annexin V+PI−) and late apoptotic (Annexin V+PI+) cells.

Measurement of Intracellular ROS Levels
Accumulation of intracellular ROS was determined by flow
cytometry using the Reactive Oxygen Species Assay Kit
(Solarbio, Beijing, China). In brief, the cells were collected and
resuspended in a serum-free medium containing 10mM DCFH-
DA. DCF fluorescence intensity was then detected by
flow cytometry.

Measurement of Mitochondrial
Membrane Potential
The mitochondrial membrane potential in T cells was detected
using mitochondrial membrane potential assay kit with JC-1
(Solarbio, Beijing, China) in accordance with the manufacturer’s
instructions. Cells were incubated with JC-1 working solution for
20 min at 37°C in the dark; then, they were washed twice with
JC1 buffer solution before the flow cytometry analysis.

Western Blotting
Isolation of mitochondria and cytosolic fractions was conducted
with the Mitochondria Fractionation Kit (Solarbio, Beijing,
China) following the manufacturer’s instructions. Bone
marrow cells were collected from the femora. Total proteins
extracted were analyzed by western blotting as previously
described (18). The expression levels of caspase-3, ATF4,
GRP78, CHOP, TP (Santa Cruz, CA, USA), PERK, p-PERK
(Immunoway, Texas, USA), BAX, Bcl2, and Cytochrome C
(Abcam, Cambridge, UK) were detected. GAPDH, b-actin, and
Cox IV (SAB, Maryland, USA) antibodies were used as the
Frontiers in Immunology | www.frontiersin.org 3
internal controls. The membranes were scanned with an
imaging system (Bio-Rad, Hercules, CA, USA), and the bands
were analyzed using ImageJ 7.0 software (National Institutes of
Health, USA).

Statistical Analysis
SPSS 13.0 (SPSS GmbH, Munich, Germany) and GraphPad 8.0
were used for statistical analysis. Data were expressed as mean ±
standard deviation (SD). Student’s t-test was used to determine
differences between two groups, and one-way analysis of
variance (ANOVA) was used to determine the differences
among three or more groups. The p value below 0.05 was
considered to be statistically significant.
RESULTS

The Lack of TP Expression in Bone
Marrow Circumvents the Side Effects of
Myelosuppression by CAP
In order to solve the clinical problem of HCC recurrence after
liver transplantation, we tried to find a drug with both
immunosuppressive and anti-cancer effects. Some clinical
observations have shown that CAP, a classic chemotherapy
drug, may have immunosuppressive effects, but there is still a
lack of clear experimental verification. Therefore, we constructed
different doses of CAP (metronomic chemotherapy or maximum
tolerated dose) mice feedingmodels to observe the effects of CAP on
the immune system of mice. The common side effect of 5-FU (the
active ingredient transformed by CAP in vivo) is myelosuppression
(11). As shown in Supplementary Figure S1, 5-FU was used as a
positive control, and it did cause myelosuppression in the mice.
Therefore, we must first evaluate the myelosuppression effect of
CAP to determine the feasibility of its long-term use. As shown in
Figure 1A, on days 7, 14, and 21, the bone marrow of mice in the
MET (metronomic chemotherapy dose) and MTD (maximum
tolerated dose) groups had no pathological manifestations of
myelosuppression. Compared with the CON group, there was no
significant difference in the cellularity (%) of bone marrow and the
expression of CD34 (the classical progenitor marker) in the MET
and MTD groups on days 7, 14, and 21 (Supplementary Figures
S1, S2). These results showed that CAP did not cause significant
myelosuppression. Next, we continued to seek the reasons why CAP
did not cause myelosuppression. Considering that the conversion of
CAP to 5-FU in vivo depends on TP, we speculated that the reason
why CAP did not causemyelosuppressionmay be related to the lack
of expression of TP in bone marrow tissue. Next, considering that a
previous study has confirmed that TP is highly expressed in the liver
(9), liver tissue was selected as the positive control, and its TP
immunohistochemical (IHC) staining was performed
simultaneously with that of bone marrow. As shown in
Figure 1B, TP was expressed in the liver, but TP expression was
rarely detected in bone marrow tissue (only very few cells in the
bone marrow expressed TP). Subsequently, we collected bone
marrow cells to detect the expression of TP by western blot. As
shown in Figure 1C, there was no TP expression in bone marrow
September 2021 | Volume 12 | Article 737849
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cells. The above results confirmed that the lack of TP expression in
bone marrow tissue was responsible for circumventing the side
effects of myelosuppression by CAP.

The Influence of CAP on Lymphocyte
Subsets in Mice
Next, we used flow cytometry to detect the proportion and
number of lymphocyte subsets in the spleen and peripheral
blood of the mice. As shown in Figure 2 and Supplementary
Figures S3–S5, in terms of T cells and their subgroups, on days 7,
14, and 21, the proportion and number of CD3+ T cells in the
spleen and peripheral blood were significantly lower in the MET
group than in the CON group; compared with the CON group,
Frontiers in Immunology | www.frontiersin.org 4
the proportion and number of CD3+ T cells in the spleen and
peripheral blood were significantly lower in the MTD group on
day 7; compared with the MTD group, the proportion and
number of CD3+ T cells in the spleen was significantly lower
in the MET group on days 14 and 21; compared with the CON
group, the proportion and number of CD4+ T cells as well as the
ratio of CD4/CD8 in the spleen and peripheral blood were
significantly lower on day 7. In terms of B cells, on days 7, 14,
and 21, the proportion and number of CD19+B cells in the spleen
and peripheral blood of the MET group were significantly lower
than those of the CON group; the proportion and number of B
cells in the spleen and peripheral blood of the MTD group was
significantly lower than that of the CON group on day 7. In terms
A

B C

FIGURE 1 | Pathological changes and TP expression in bone marrow of mice. (A) Bone marrow tissue was stained with H&E (100×). CON: control groups, in which
mice received 0.9% normal saline. MET: CAP-treated groups in which mice received metronomic chemotherapy dose of CAP (100 mg/kg/d). MTD: CAP-treated
groups in which mice received maximum tolerated dose of CAP (400 mg/kg/d). (B) TP in bone marrow and liver was stained with IHC (200×). TP in liver served as a
positive control. (C) Bone marrow cells were collected from the femora, protein levels of TP were evaluated using the western blot assay, and TP in the liver served
as a positive control. Data are shown as mean ± SD. *P < 0.05.
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FIGURE 2 | Proportion of lymphocyte subsets in the spleen of mice. The percentage of CD3+ T cells in lymphocyte (A, H); the percentage of CD4+ T cells (B, E)
and CD8+ T cells (B, F) in CD3+ T cells; the ratio of CD4/CD8 (B, G); the percentage of CD19+ B cells (C, I) and CD49b+ NK cells (D, J) among lymphocytes, as
detected by flow cytometry. CON: control groups, in which mice received 0.9% normal saline. MET: CAP-treated groups in which mice received metronomic
chemotherapy dose of CAP (100 mg/kg/d). MTD: CAP-treated groups in which mice received maximum tolerated dose of CAP (400 mg/kg/d). Data are shown as
mean ± SD. *P < 0.05.
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of NK cells, the proportion and number of NK cells in the spleen
and peripheral blood of the MET group were significantly higher
than those in the CON group on days 7 and 14; compared with
the CON group, there was no significant difference in the MTD
group. The above results indicate that metronomic
chemotherapy and maximum tolerated dose of CAP can
decrease the proportions and numbers of T and B cells in both
spleen and peripheral blood. At the same time, the metronomic
chemotherapy dose of CAP increased the proportion and
number of NK cells; this effect was different from the
maximum tolerated dose of CAP.

Changes in Cytokine Concentration in
Peripheral Blood of Mice
To further observe the immunosuppressive effect of CAP, we
focused on cytokine, which is another important aspect of the
immune system. We used Luminex technology to analyze 23
cytokines in the serum of mice. Among them, the levels of IL-1a,
IL-1b, IL-13, IL-17, CCL2, and CCL-20 6 cytokines were lower
than the minimum detection concentration and were not
detected. As shown in Figure 3, in the MET group, compared
with the CON group, the concentrations of IL-2, IL-6, IFN-g, and
TNF-a were significantly low and the concentrations of IL-4 and
IL-10 were significantly high at day 7. Compared with the CON
group, the concentrations of IL-12 and VEGF were significantly
lower on days 14 and 21. In the MTD group, compared with the
CON group, the concentrations of IFN-g and TNF-a were
significantly lower only on day 7. Compared with the MTD
group, the concentrations of IFN-g, TNF-a, and IL-6 decreased
significantly on day 21; the concentration of VEGF decreased
significantly in the MET group on days 14 and 21. Other
cytokines that did not show significant changes are shown in
Supplemental Figure S6. The above results show that, at the
cytokine level, metronomic chemotherapy dose of CAP also
Frontiers in Immunology | www.frontiersin.org 6
produces an immunosuppressive effect; in particular, it reduces
the concentration of pro-inflammatory cytokines and increases
the concentration of anti-inflammatory cytokines. At the same
time, in contrast to the maximum tolerated dose of CAP, CAP
reduced the concentration of VEGF at the metronomic
chemotherapy dose.

CAP Increases T Cell ROS Generation and
Mitochondrial Membrane Depolarization,
and Induces Apoptosis In Vivo
T cell-mediated cellular immunity is particularly important in the
acute rejection of organ transplantation, and T cells are the target
immune cells often selected by clinical immunosuppressants. In this
study, metronomic chemotherapy dose of CAP was shown to
reduce the proportion and number of T cells. Next, we sorted
mouse primary CD3+ T cells, and the expression of TP in T cells
was confirmed by western blot (Figures 4A, B) (MOLT4 T cell,
which has been confirmed to express TP (19), was selected as the
positive control). Thus, we chose T cells to further explore the
mechanism behind the immunosuppressive effect of CAP. Because
5-FU, the active ingredient of CAP in vivo, can induce the rise in
ROS and subsequently triggers apoptosis through the mitochondrial
pathway to exert antitumor effects (20), we considered that CAP
may exert an immunosuppressive effect by directly inducing T cell
apoptosis. Because we have confirmed that in terms of the reduction
in the proportion and number of T cells, the metronomic
chemotherapy dose of CAP has more advantages than the
maximum tolerated dose, we chose a metronomic chemotherapy
dose of CAP for further research. We used flow cytometry to detect
the ROS levels and the proportion of cells with decreased
mitochondrial membrane potential and apoptotic rate of CD3+ T
cells in spleen of mice gavaged with metronomic chemotherapy
dose of CAP at day 7. As shown in Figures 4C–E, compared with
the CON group, the ROS levels, the proportion of cells with
A B C D

E F G H

FIGURE 3 | The concentrations of serum cytokines in the mice treated with different dosages of CAP. The levels of (A) IFN-g, (B) TNF-a, (C) IL-2,(D) IL-4, (E) IL-6,
(F) IL-10, (G) IL-12, and (H) VEGF were detected by Luminex assay. CON: control groups, in which mice received 0.9% normal saline. MET: CAP-treated groups, in
which mice received metronomic chemotherapy dose of CAP (100 mg/kg/d). MTD: CAP-treated groups, in which mice received maximum tolerated dose of CAP
(400 mg/kg/d). Data are shown as mean ± SD. *P < 0.05.
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decreased mitochondrial membrane potential and the proportion of
apoptotic T cells in the MET groups increased significantly. The
above results show that the metronomic chemotherapy dose of CAP
can increase ROS levels and reduce mitochondrial potential to
induce T cell apoptosis in vivo.

Differential Expression of TP in T Cells
Affects CAP-Induced Apoptosis In Vitro
Previous studies have confirmed that 5-FU can activate the ERS
and induce the increase in ROS in colon cancer cells, and
subsequently induces apoptosis through the mitochondrial
pathway (20). Thus, we hypothesized that ERS/ROS/
mitochondria- mediated apoptosis may be the mechanism
behind apoptosis of T cells induced by CAP. In this study, it
has been confirmed that CAP can induce T cell apoptosis, which
is related to the production of ROS levels and the decrease in
mitochondrial potential in vivo (Figures 4C–E). Considering
that the effect of CAP depends on the expression of TP in cells,
Frontiers in Immunology | www.frontiersin.org 7
we tried to confirm whether the expression of TP in T cells will
affect the apoptosis induced by CAP. Subsequently, we selected
MOLT4 T cells (expressing TP) and EL4 T cells (lack of TP
expression) (Figure 5A) for further exploration. We chose
different concentrations of two intermediate metabolites of
CAP in vivo, 5-deoxyfluorouridine (5′-DFUR, which is
converted to 5-FU by TP) and 5-FU, to culture T cells for 48
h. The cell viability of MOLT4 cells was significantly inhibited by
5-FU or 5′-DFUR (IC50: 21.8 ± 7 mM and 51.3 ± 14.4mM,
respectively); in contrast, the cell viability of EL4 cells was only
significantly inhibited by 5-FU (IC50: 33.4 ± 9.8 mM), while 5′-
DFUR had no significant effect on their viability (Figure 5B).
Subsequently, according to IC50, we chose 5-FU (0, 30 mM) or
5′-DFUR (0, 50 mM) to culture MOLT4 and EL4 cells for 48 h,
respectively. The results of flow cytometry indicated that 5-FU
induced EL4 and MOLT4 cell apoptosis, while 5′-DFUR only
induced MOLT4 cell apoptosis (Figure 5C, D). After that,
western blot assay showed that 5-FU significantly increased the
A B

C D

E

FIGURE 4 | CAP can induce apoptosis of TP-expressing T cells. (A) CD3+ T cells were sorted by immunomagnetic beads from the spleen of mice and identified by
staining with PE-CD3 antibody. (B) The protein levels of TP were evaluated using western blot assay. (C) Mononuclear cells extracted from the spleen of mice
gavaged with metronomic chemotherapy dose of CAP on day 7 were collected and gated by CD3, and then the ROS level was detected with fluorescent probes
(DCFH-DA) using flow cytometry; (D) The proportion of cells with reduced mitochondrial membrane potential was detected using flow cytometry; (E) The apoptosis
of T cells was detected by Annexin V and PI staining. Data are shown as mean ± SD. *P < 0.05.
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expression levels of cleaved-caspase3 and pro-apoptotic protein
BAX, and anti-apoptotic protein Bcl2 in EL4 and MOLT4 cells.
In contrast, 5′-DFUR only caused the abovementioned changes
in MOLT4 cells (Figures 5E, F). Next, we found that 5-FU
significantly increased the expression levels of ERS-related
proteins GRP78, ATF4, p-PERK, and CHOP in EL4 and
MOLT4 cells; in contrast, 5′-DFUR only caused the
abovementioned changes in MOLT4 cells (Figure 6A). At the
same time, in MOLT4 cells, both 5-FU and 5′-DFUR
significantly increased the ROS levels, and the proportion of
cells with decreased mitochondrial membrane potential
increased significantly. The expression of mitochondrial
cytochrome C was significantly reduced, and the expression of
cytochrome C in the cytoplasm significantly increased. However,
in EL4 cells, only 5-FU, but not 5′-DFUR, caused the above-
mentioned changes (Figures 6B–D). The above results
confirmed that the apoptosis induced by CAP in T cell is also
Frontiers in Immunology | www.frontiersin.org 8
related to TP expression, ERS induction, ROS production and
mitochondria-mediated apoptosis activation.

Inhibition of ERS Attenuates CAP-Induced
Primary T Cells Apoptosis
Taking into account the differences between T cell lines and
primary T cells, we sorted mouse spleen CD3+ T cells to further
explore the mechanism of CAP-induced T cell apoptosis. CD3+

T cells were sorted by magnetic beads isolation and in vitro
stimulation with anti-CD3/CD28 antibodies. At first, we chose
different concentrations of 5-FU to culture primary T cells for
48 h. The cell viability of primary T cells was significantly
inhibited by 5-FU (IC50: 11.3 ± 2.54 mM) (Supplementary
Figure S7A). Subsequently, we chose different concentrations
of 4-Phenylbutyric acid (4PBA), which is an ERS inhibitor, to
culture primary T cells for 48 h. CCK8 results (Supplementary
Figure S7B) showed that there was no significant change in
A B

D

E

F

C

FIGURE 5 | Differential expression of TP in T cells affects CAP-induced apoptosis in vitro. T cell lines (EL4 and MOLT4) were selected for further research in vitro,
and we chose 5′DFUR (conversion to 5-FU depends on TP) and 5-FU, both of which are intermediate metabolites of CAP, instead of CAP for the in vitro
experiments. (A) TP protein levels in EL4 and MOLT4 cells were detected by western blot analysis. (B) Viability of EL4 and MOLT4 cells exposed to gradient
concentration of 5′-DFUR or 5-FU for 48 h was measured by CCK8 test. (C, D) According to IC50, EL4 and MOLT4 cells were exposed to 5′-DFUR (0 mM and
50 mM) or 5-FU (0 mM and 30 mM) for 48 h; apoptosis of T cells was detected by Annexin V/PI staining. (E, F) The protein levels of apoptosis-related proteins,
including caspase3, Bcl2, and BAX, were evaluated using western blot assay. Data are shown as mean ± SD. *P < 0.05.
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primary T cells viability. Next, according to IC50 of 5-FU, we
chose 5-FU (10 mM) or 5-FU (10 mM) + 4PBA (0 mM–10000
mM) to culture primary T cells for 48 h, in order to determine
the appropriate concentration of 4PBA for further experiments.
As shown in (Supplementary Figure S7B), compared with 5FU
(10 mM), 5-FU (10 mM) + 4PBA (1000 mM) significantly
increased the vitality of primary T cells. So, we chose 5-FU
(10 mM) and 4PBA (1000 mM) for further experiments. As
shown in (Figures 7A–E), compared with the CON group, 5-
Frontiers in Immunology | www.frontiersin.org 9
FU significantly increased primary T cells ERS, ROS generation,
mitochondrial membrane depolarization, and induced
apoptosis. Compared with the 5-FU group, using 4PBA to
reduce ERS can significantly reduce ROS generation,
mitochondrial membrane depolarization, and induction of
apoptosis by 5-FU. The above results confirmed that ERS/
ROS/mitochondria-mediated apoptosis may be the
mechanism behind apoptosis of primary T cells induced
by CAP.
A

B

C

D

FIGURE 6 | CAP increases T cell ERS, ROS generation, mitochondrial membrane depolarization, and induces mitochondria-mediated apoptosis. EL4 and MOLT4
cells were exposed to 5′-DFUR (0 mM and 50 mM) or 5-FU (0 mM and 30 mM) for 48 (h) (A) Endoplasmic reticulum stress-related proteins PERK, p-PERK, GRP78,
ATF4, and CHOP were detected by western blot analysis. (B) The ROS level was detected with fluorescent probes (DCFH-DA) using flow cytometry. (C) The
proportion of cells with reduced mitochondrial membrane potential was detected using flow cytometry. (D) Cytochrome C expression in the cytoplasm and
mitochondria was detected by western blot analysis. Data are presented as mean ± SD. *P < 0.05.
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DISCUSSION

The recurrence of HCC after liver transplantation has become a
key clinical problem to be solved urgently (21, 22). Thus, finding a
drug with both immunosuppressive and anti-cancer effects has
important clinical application value. As a classic chemotherapeutic
drug, a large number of clinical studies have confirmed the efficacy
of capecitabine in the field of HCC (4, 6). Moreover, there is
evidence that CAPmay have an immunosuppressive effect, but this
Frontiers in Immunology | www.frontiersin.org 10
still needs to be confirmed by experiments (3). Therefore, we chose
metronomic chemotherapy (a new type of chemotherapy featuring
low-dose, uninterrupted, and continuous administration) dose or
maximum tolerated dose of CAP to treat normal mice by oral
gavage to explore the feasibility of CAP as a potential
immunosuppressive agent (23).

First, considering myelosuppression, the common side effect
of 5-FU (the active ingredient transformed by CAP in vivo) (11,
24) , we mus t eva lua te whether CAP a l so causes
A

B C

D

E

FIGURE 7 | Inhibition of ERS attenuates CAP-induced primary T cells apoptosis. CD3+ T cells were sorted by magnetic beads isolation and in vitro stimulation with
anti-CD3/CD28 antibodies. Primary T cells were exposed to 5-FU (0 mM and 10 mM) or 5-FU (10 mM) + 4PBA (1000 mM) for 48 h. (A) ERS-related proteins PERK,
p-PERK, GRP78, and CHOP were detected by western blot analysis. (B) The ROS level was detected with fluorescent probes (DCFH-DA) using flow cytometry.
(C) The proportion of cells with reduced mitochondrial membrane potential was detected using flow cytometry. (D) The apoptosis of T cells was detected by
Annexin V and PI staining. (E) The protein levels of apoptosis-related proteins, including caspase3, Bcl2, and BAX, were evaluated using western blot assay.
Data are shown as mean ± SD. *P < 0.05.
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myelosuppression, so as to determine the feasibility of its long-
term application. In this study, no significant myelosuppression
was observed in either the metronomic chemotherapy dose or
maximum tolerated dose of CAP. The lack of TP expression in
bone marrow exp la ins why CAP does no t cause
myelosuppression there. Next, at the level of lymphocyte
subsets, CAP, especially in the metronomic chemotherapy dose,
reduced the number of CD3+ T cells. The cellular immunity
mediated by T cells is the immune basis for the acute rejection
of organ transplantation (25, 26). Immunosuppressants
commonly used in clinical practice mainly target T cells to
Frontiers in Immunology | www.frontiersin.org 11
prevent rejection (27, 28). In addition to the reduction of T
cells, the number of B cells also declined significantly. As
another important adaptive immune cell, B cells differentiate
into plasma cells with the help of antigen stimulation and Th
cells and produce specific immunoglobulins to participate in
humoral immunity (29). Recent studies have suggested that
during the development of allogeneic liver transplantation
rejection, the role of B cells in presenting donor antigens is
enhanced (30). Certainly, considering the importance of T and
B cells in maintaining normal cellular immunity and humoral
immune function (31, 32), it should be investigated whether
FIGURE 8 | Possible mechanisms of CAP as a drug with both immunosuppressive and anti-cancer effects. After oral administration, CAP is converted into 5′DFCR
and 5′DFUR in the liver by CES and CDA. There is no expression of TP in bone marrow tissue; thus, capecitabine cannot be converted into 5-FU, which circumvents
myelosuppression and predicts the feasibility of its long-term medication. TP is expressed in T cells, and capecitabine can be converted into 5-FU there; thus, CAP
increases endoplasmic reticulum stress response, reduces the membrane potential of mitochondria, increases the expression of ROS, finally, mitochondria-mediated
apoptosis was induced. TP is also expressed in cancer cells, and CAP can induce cancer cell apoptosis and exert anti-cancer effect; this indicates that apoptosis is
the final destination of CAP acting on T cells and cancer cells, both of which express TP, which lays an experimental foundation for exploring CAP as a drug with
both immunosuppressive and anti-cancer effects.
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lymphopenia caused by CAP may affect physiological immune
function. Meanwhile, considering that lymphopenia and
immunosuppression are closely related but different, possible
roles of CAP in regulating the functions of T and B cells after
activation also merit further investigation. In addition to T and B
cells, the metronomic chemotherapy dose of CAP significantly
increased the number of NK cells, which is similar to the results of
the previous study (14). Even if the role of NK cells as classical
innate immune cells in acute rejection is still unclear, considering
the importance of NK cells in tumor immunotherapy (33), this
may be the advantage of the anti-cancer effect of the metronomic
chemotherapy dose of CAP. However, in the context of
lymphopenia caused by CAP, further experimental confirmation
as to whether metronomic chemotherapy dose of CAP can truly
activate tumor immunity is needed. At the cytokine level, the
metronomic chemotherapy dose of CAP significantly reduced the
concentration of proinflammatory cytokines that activate the
immune response (IL-2, TNF-a, IFN-g, IL-6, IL-12), and
increased the concentration of certain anti-inflammatory
cytokines with immunosuppressive characteristics (IL4, IL-10).
IL-2, TNF-a, IFN-g, and IL-6 are mainly secreted by T cells, and
participate in a broad array of immune responses (34–38). IL4 and
IL10 can regulate the transformation of Th0 to Th2 and the release
of proinflammatory cytokines to induce immune tolerance (39–
41). During the experiment, an interesting phenomenon was also
observed. It seems that the metronomic chemotherapy dose of
CAP is more advantageous than the maximum tolerated dose of
CAP, both at the level of lymphocyte subsets and at the level of
cytokines late in the experiment. We speculate that these findings
might be related to the dose of CAP. Namely, metronomic
chemotherapy dose of CAP is suitable for long-term continuous
use due to low dose and low adverse effects; in contrast, the
maximum tolerated dose (conventional chemotherapy dose) of
CAP is not suitable for long-term continuous application due to its
side effects (42, 43). In this experiment, the micemay not be able to
tolerate the toxicity of high-dosage long-term treatment with CAP,
and the possible toxic side effects of high-dose CAP may have
partially counterbalanced the immunosuppressive effects.
However, further studies are required to verify this hypothesis.
Still, the results from both the mouse experiment and
clinical study suggest that metronomic chemotherapy dose of
CAP may be more suitable for further study as a potential
immunosuppressive agent.

Next, to explore the mechanism behind the immunosuppressive
effect of CAP, we chose T cells for further studied because T cells
play an important role in acute rejection after transplantation
and are the main target cells of immunosuppressive agents
commonly used in c l in ica l (25 , 28) . As a c lass ic
chemotherapeutic drug, CAP is converted into 5′-DFUR; then,
5′-DFUR is converted to 5-FU through TP, and 5-FU can induce
tumor cell apoptosis to exert anti-cancer effect (20, 44).
Therefore, the induction of T cells apoptosis may be the
underlying mechanism of CAP’s immunosuppressive effect,
and the presence of TP in T cells may be the basis for CAP-
induced T cells apoptosis. In this study, TP expression in T cells
was validated, and CAP was shown to induce T cell apoptosis in
Frontiers in Immunology | www.frontiersin.org 12
vivo and in vitro. At the same time, in vitro experiments showed
that 5′-DFUR induced apoptosis in TP-expressing T cells, but
not in TP-lacking T cells. The reason may be that 5′-DFUR
cannot be further converted into 5-FU in T cells lacking TP
expression. Then, we further explored the mechanism of CAP-
induced T cell apoptosis. The endoplasmic reticulum (ER) is an
important organelle for maintaining the homeostasis of
eukaryotic cells. When the cells are damaged by excessive
oxidation and other unfavorable factors, the ER function is
affected, triggering ERS, and excessive or long-lasting ERS can
cause an increase in ROS levels and induce apoptosis (45).
Previous studies have confirmed that 5-FU can activate the
ERS and induce the rise of ROS in colon cancer cells, and
subsequently induces apoptosis through the mitochondrial
pathway (20). In this study, CAP was observed to activate the
ERS, reduce the mitochondrial potential, and increase ROS
production in vivo and in vitro. Similarly, the differential
expression of TP in T cells affected the CAP-induced changes
in vitro. Subsequently, inhibition of ERS in T cells attenuated
CAP-induced ROS generation and mitochondria-mediated
apoptosis in vitro. These results indicate that ERS induction,
ROS production, and mitochondria-mediated apoptosis
activation may be the mechanisms behind CAP-induced T cell
apoptosis. Certainly, T cell apoptosis and immunosuppressive
effects are biologically relevant but, at the same time,
different. Nonetheless, considering that the induction of T cell
apoptosis is one of the mechanisms by which the classical
immunosuppressive agents, such as tacrolimus and
mycophenolate mofetil, exert their immunosuppressive
effects (46–48), the exploration of T cell apoptosis induced by
CAP may lay the foundation for further research into its
immunosuppressive effects. Alternatively, for more practical
application, the results of this experiment may provide the
basis for the application of CAP in the treatment of TP-
expressing lymphoid cancers.

In summary, the differential expression of TP in tissue and cells
not only allows CAP to avoid the side effects of myelosuppression
but it also allows CAP to induce T cell apoptosis. Apoptosis may be
the final fate of CAP-treated T cells and cancer cells, both of which
express TP; this lays the experimental foundation for exploring CAP
as a new immunosuppressant with anti-cancer effect (Figure 8).
Clearly, there is currently no clear evidence that CAP can prevent
the recurrence of HCC. Therefore, it is worthy of further exploration
whether CAP can effectively prevent the recurrence of HCC at the
dose that can achieve immunosuppressive effect. Therefore, in the
future, we will not only use acute rejection animal models to further
confirm the immunosuppressive effect of CAP, but we will also
attempt to establish a tumor-bearing animal model simultaneously
bearing an organ allograft to confirm that CAP has both
immunosuppressive and anti-cancer effects. In addition, we also
plan to focus on the target T cell subsets of CAP, including Th1,
Th2, Th9, Th17, Th22, Tfh, regulatory T cells, and CD8+cytotoxic T
cells. In brief, the immunosuppressive effect of CAP deserves to be
further explored in order to lay an experimental foundation for CAP
as an immunosuppressant with anti-cancer effect to optimize the
medication regimen for liver transplant patients with HCC.
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Meanwhile, the exploration of new immunosuppressant based on
CAP, which is a pyrimidine nucleoside antimetabolite, will also lead
the research direction of pyrimidine immunosuppressant in the
field of organ transplantation.
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5-Fluorouracil-Treated Adenosine A(3) Receptor Knock-Out Mice. Physiol
Res (2015) 64(2):255–62. doi: 10.33549/physiolres.932847

13. Ishibashi M, Ishii M, Yamamoto S, Mori Y, Shimizu S. Possible
Involvement of TRPM2 Activation in 5-Fluorouraci l-Induced
Myelosuppression in Mice. Eur J Pharmacol (2021) 891:173671.
doi: 10.1016/j.ejphar.2020.173671

14. Peereboom DM, Alban TJ, Grabowski MM, Alvarado AG, Otvos B, Bayik D,
et al. Metronomic Capecitabine as an Immune Modulator in Glioblastoma
Patients Reduces Myeloid-Derived Suppressor Cells. JCI Insight (2019) 4(22):
e13074. doi: 10.1172/jci.insight.130748

15. Yang J, Li W, Luo F, Zhao N, Zhang W, Zhang D, et al. Low Percentage of
CD24hiCD27+CD19 B Cells Decelerates Gastric Cancer Progression in
XELOX-Treated Patients. Int Immunopharmacol (2015) 26(2):322–7.
doi: 10.1016/j.intimp.2015.04.011

16. Shaked Y, Pham E, Hariharan S, Magidey K, Beyar-Katz O, Xu P, et al.
Evidence Implicating Immunological Host Effects in the Efficacy of
Metronomic Low-Dose Chemotherapy. Cancer Res (2016) 76(20):5983–93.
doi: 10.1158/0008-5472.Can-16-0136

17. Li C, Ci Y, Liu X, Chen C, Liu C, Li X, et al. Inositol Hexakisphosphate and
Inositol Enhance the Inhibition of Colorectal Cancer Growth and Liver
September 2021 | Volume 12 | Article 737849

https://www.frontiersin.org/articles/10.3389/fimmu.2021.737849/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.737849/full#supplementary-material
https://doi.org/10.1007/s10637-018-0579-8
https://doi.org/10.1200/jco.20.01740
https://doi.org/10.1038/s41598-017-11810-z
https://doi.org/10.1038/s41598-018-28337-6
https://doi.org/10.1038/srep42499
https://doi.org/10.1007/s00432-017-2556-6
https://doi.org/10.2165/00003088-200140020-00002
https://doi.org/10.2165/00003088-200140020-00002
https://doi.org/10.1007/s002800050043
https://doi.org/10.1016/0304-4165(90)90160-x
https://doi.org/10.1038/s41416-018-0076-z
https://doi.org/10.1111/j.1742-7843.2010.00621.x
https://doi.org/10.33549/physiolres.932847
https://doi.org/10.1016/j.ejphar.2020.173671
https://doi.org/10.1172/jci.insight.130748
https://doi.org/10.1016/j.intimp.2015.04.011
https://doi.org/10.1158/0008-5472.Can-16-0136
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Capecitabine: A Potential Immunosuppressive Agent
Metastasis by Capecitabine in a Mouse Model. Nutr Cancer (2020) 2020:1–9.
doi: 10.1080/01635581.2020.1820055

18. Yang Y, Song HL, Zhang W, Wu BJ, Fu NN, Dong C, et al. Heme Oxygenase-
1-Transduced Bone Marrow Mesenchymal Stem Cells in Reducing Acute
Rejection and Improving Small Bowel Transplantation Outcomes in Rats.
Stem Cell Res Ther (2016) 7(1):164. doi: 10.1186/s13287-016-0427-8

19. El-Assouli SM. The Molecular Basis for the Differential Sensitivity of B and T
Lymphocytes to Growth Inhibition by Thymidine and 5-Fluorouracil. Leuk
Res (1985) 9(3):391–8. doi: 10.1016/0145-2126(85)90061-x

20. Zhao H, Liu Q, Wang S, Dai F, Cheng X, Cheng X, et al. In Vitro Additive
Antitumor Effects of Dimethoxycurcumin and 5-Fluorouracil in Colon
Cancer Cells. Cancer Med (2017) 6(7):1698–706. doi: 10.1002/cam4.1114

21. Mazzaferro V, Sposito C, Zhou J, Pinna AD, De Carlis L, Fan J, et al.
Metroticket 2.0 Model for Analysis of Competing Risks of Death After
Liver Transplantation for Hepatocellular Carcinoma. Gastroenterology
(2018) 154(1):128–39. doi: 10.1053/j.gastro.2017.09.025

22. Liu H, Ling CC, Yeung WHO, Pang L, Liu J, Zhou J, et al. Monocytic MDSC
Mobilization Promotes Tumor Recurrence After Liver Transplantation via
CXCL10/TLR4/MMP14 Signaling. Cell Death Dis (2021) 12(5):489.
doi: 10.1038/s41419-021-03788-4

23. Zhang Y, Sun M, Huang G, Yin L, Lai Q, Yang Y, et al. Maintenance of
Antiangiogenic and Antitumor Effects by Orally Active Low-Dose
Capecitabine for Long-Term Cancer Therapy. Proc Natl Acad Sci USA
(2017) 114(26):E5226–e35. doi: 10.1073/pnas.1705066114

24. Kobuchi S, Ito Y, Sakaeda T. Population Pharmacokinetic-Pharmacodynamic
Modeling of 5-Fluorouracil for Toxicities in Rats. Eur J Drug Metab
Pharmacokinet (2017) 42(4):707–18. doi: 10.1007/s13318-016-0389-3

25. RoncaV,WoottonG,MilaniC,CainO.The Immunological Basis of LiverAllograft
Rejection. Front Immunol (2020) 11:2155. doi: 10.3389/fimmu.2020.02155

26. Baba HA, Theurer S, Canbay A, Schwertheim S, Lainka E, Kälsch J, et al.
[Liver Transplantation. Current Aspects of Pretransplantation Diagnosis and
Rejection]. Pathologe (2020) 41(5):505–14. doi: 10.1007/s00292-020-00813-9

27. Kumar BV, Connors TJ, Farber DL. Human T Cell Development,
Localization, and Function Throughout Life. Immunity (2018) 48(2):202–
13. doi: 10.1016/j.immuni.2018.01.007

28. Wong TC, Lo CM, Fung JY. Emerging Drugs for Prevention of T-Cell
Mediated Rejection in Liver and Kidney Transplantation. Expert Opin
Emerg Drugs (2017) 22(2):123–36. doi: 10.1080/14728214.2017.1330884

29. HoffmanW, Lakkis FG, Chalasani GB. Cells, Antibodies, and More. Clin J Am
Soc Nephrol (2016) 11(1):137–54. doi: 10.2215/cjn.09430915

30. Ningappa M, Ashokkumar C, Higgs BW, Sun Q, Jaffe R, Mazariegos G, et al.
Enhanced B Cell Alloantigen Presentation and Its Epigenetic Dysregulation in
Liver Transplant Rejection. Am J Transplant (2016) 16(2):497–508.
doi: 10.1111/ajt.13509

31. Hu Z, Zou Q, Su B. Regulation of T Cell Immunity by Cellular Metabolism.
Front Med (2018) 12(4):463–72. doi: 10.1007/s11684-018-0668-2

32. Chong AS. B Cells as Antigen-Presenting Cells in Transplantation Rejection and
Tolerance. Cell Immunol (2020) 349:104061. doi: 10.1016/j.cellimm.2020.104061

33. Xie G, Dong H, Liang Y, Ham JD, Rizwan R, Chen J. CAR-NK Cells: A
Promising Cellular Immunotherapy for Cancer. EBioMedicine (2020)
59:102975. doi: 10.1016/j.ebiom.2020.102975

34. Li S, Yu J, Guo C, Jie Y, Pan Z. The Balance of Th1/Th2 and LAP+Tregs/Th17
Cells Is Crucial for Graft Survival in Allogeneic Corneal Transplantation.
J Ophthalmol (2018) 2018:5404989. doi: 10.1155/2018/5404989

35. Garris CS, Arlauckas SP, Kohler RH, Trefny MP, Garren S, Piot C, et al.
Successful Anti-PD-1 Cancer Immunotherapy Requires T Cell-Dendritic Cell
Crosstalk Involving the Cytokines IFN-g and IL-12. Immunity (2018) 49
(6):1148–61.e7. doi: 10.1016/j.immuni.2018.09.024

36. Newstead CG, LambWR, Brenchley PE, Short CD. Serum and Urine IL-6 and
TNF-Alpha in Renal Transplant Recipients With Graft Dysfunction.
Frontiers in Immunology | www.frontiersin.org 14
Transplantation (1993) 56(4):831–5. doi: 10.1097/00007890-199310000-
00010

37. Ma L, Zhang H, Hu K, Lv G, Fu Y, Ayana DA, et al. The Imbalance Between
Tregs, Th17 Cells and Inflammatory Cytokines Among Renal Transplant
Recipients. BMC Immunol (2015) 16:56. doi: 10.1186/s12865-015-0118-8

38. Rose-John S. Interleukin-6 Family Cytokines. Cold Spring Harb Perspect Biol
(2018) 10(2):a028415. doi: 10.1101/cshperspect.a028415

39. Bedke T, Muscate F, Soukou S, Gagliani N, Huber S. Title: IL-10-Producing T
Cells and Their Dual Functions. Semin Immunol (2019) 44:101335.
doi: 10.1016/j.smim.2019.101335

40. Stein M, Keshav S, Harris N, Gordon S. Interleukin 4 Potently Enhances
Murine Macrophage Mannose Receptor Activity: A Marker of Alternative
Immunologic Macrophage Activation. J Exp Med (1992) 176(1):287–92.
doi: 10.1084/jem.176.1.287

41. Saraiva M, O’Garra A. The Regulation of IL-10 Production by Immune Cells.
Nat Rev Immunol (2010) 10(3):170–81. doi: 10.1038/nri2711

42. Bongiovanni A, Riva N, Calpona S, Ricci M, Gunelli E, Liverani C, et al.
Metronomic Capecitabine in Gastroenteropancreatic Neuroendrocrine
Tumors: A Suitable Regimen and Review of the Literature. Oncol Targets
Ther (2014) 7:1919–26. doi: 10.2147/ott.S68573

43. Walko CM, Lindley C. Capecitabine: A Review. Clin Ther (2005) 27(1):23–44.
doi: 10.1016/j.clinthera.2005.01.005

44. Xue F, Lin X, Cai Z, Liu X, Ma Y, Wu M. Doxifluridine-Based
Pharmacosomes Delivering miR-122 as Tumor Microenvironments-
Activated Nanoplatforms for Synergistic Treatment of Hepatocellular
Carcinoma. Colloids Surf B Biointerfaces (2021) 197:111367. doi: 10.1016/
j.colsurfb.2020.111367

45. Di S, Fan C, Ma Z, Li M, Guo K, Han D, et al. PERK/eIF-2a/CHOP Pathway
Dependent ROS Generation Mediates Butein-Induced Non-Small-Cell Lung
Cancer Apoptosis and G2/M Phase Arrest. Int J Biol Sci (2019) 15(8):1637–53.
doi: 10.7150/ijbs.33790

46. Allison AC, Eugui EM. Mechanisms of Action of Mycophenolate Mofetil in
Preventing Acute and Chronic Allograft Rejection. Transplantation (2005) 80
(2 Suppl):S181–90. doi: 10.1097/01.tp.0000186390.10150.66

47. Cohn RG, Mirkovich A, Dunlap B, Burton P, Chiu SH, Eugui E, et al.
Mycophenolic Acid Increases Apoptosis, Lysosomes and Lipid Droplets in
Human Lymphoid and Monocytic Cell Lines. Transplantation (1999) 68
(3):411–8. doi: 10.1097/00007890-199908150-00014

48. Hashimoto Y, Matsuoka N, Kawakami A, Tsuboi M, Nakashima T, Eguchi K,
et al. Novel Immunosuppressive Effect of FK506 by Augmentation of T Cell
Apoptosis. Clin Exp Immunol (2001) 125(1):19–24. doi: 10.1046/j.1365-
2249.2001.01586.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhang, Wang, Fan, Liu, Yoshida, Yang, Liu, Hou, Cao, Wang, Song,
Li, Zhang, Wang, Li, Zheng and Shen. 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.
September 2021 | Volume 12 | Article 737849

https://doi.org/10.1080/01635581.2020.1820055
https://doi.org/10.1186/s13287-016-0427-8
https://doi.org/10.1016/0145-2126(85)90061-x
https://doi.org/10.1002/cam4.1114
https://doi.org/10.1053/j.gastro.2017.09.025
https://doi.org/10.1038/s41419-021-03788-4
https://doi.org/10.1073/pnas.1705066114
https://doi.org/10.1007/s13318-016-0389-3
https://doi.org/10.3389/fimmu.2020.02155
https://doi.org/10.1007/s00292-020-00813-9
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1080/14728214.2017.1330884
https://doi.org/10.2215/cjn.09430915
https://doi.org/10.1111/ajt.13509
https://doi.org/10.1007/s11684-018-0668-2
https://doi.org/10.1016/j.cellimm.2020.104061
https://doi.org/10.1016/j.ebiom.2020.102975
https://doi.org/10.1155/2018/5404989
https://doi.org/10.1016/j.immuni.2018.09.024
https://doi.org/10.1097/00007890-199310000-00010
https://doi.org/10.1097/00007890-199310000-00010
https://doi.org/10.1186/s12865-015-0118-8
https://doi.org/10.1101/cshperspect.a028415
https://doi.org/10.1016/j.smim.2019.101335
https://doi.org/10.1084/jem.176.1.287
https://doi.org/10.1038/nri2711
https://doi.org/10.2147/ott.S68573
https://doi.org/10.1016/j.clinthera.2005.01.005
https://doi.org/10.1016/j.colsurfb.2020.111367
https://doi.org/10.1016/j.colsurfb.2020.111367
https://doi.org/10.7150/ijbs.33790
https://doi.org/10.1097/01.tp.0000186390.10150.66
https://doi.org/10.1097/00007890-199908150-00014
https://doi.org/10.1046/j.1365-2249.2001.01586.x
https://doi.org/10.1046/j.1365-2249.2001.01586.x
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Capecitabine Can Induce T Cell Apoptosis: A Potential Immunosuppressive Agent With Anti-Cancer Effect
	Introductions
	Materials and Methods
	Animals
	Cell Lines
	Flow Cytometry Analysis
	Luminex
	Cell Viability
	Hematoxylin and Eosin Staining
	Immunohistochemistry Assay
	Isolation of CD3+T Cells and Activation
	Apoptosis Assays
	Measurement of Intracellular ROS Levels
	Measurement of Mitochondrial Membrane Potential
	Western Blotting
	Statistical Analysis

	Results
	The Lack of TP Expression in Bone Marrow Circumvents the Side Effects of Myelosuppression by CAP
	The Influence of CAP on Lymphocyte Subsets in Mice
	Changes in Cytokine Concentration in Peripheral Blood of Mice
	CAP Increases T Cell ROS Generation and Mitochondrial Membrane Depolarization, and Induces Apoptosis In Vivo
	Differential Expression of TP in T Cells Affects CAP-Induced Apoptosis In Vitro
	Inhibition of ERS Attenuates CAP-Induced Primary T Cells Apoptosis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


