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Abstract

BACKGROUND

Capecitabine (CAP) is a classic antimetabolic drug and has shown potential
antirejection effects after liver transplantation (LT) in clinical studies. Our previous
study showed that metronomic CAP can cause the programmed death of T cells by
inducing oxidative stress in healthy mice. Ferroptosis, a newly defined non-apoptotic
cell death that occurs in response to iron overload and lethal levels of lipid
peroxidation, is an important mechanism by which CAP induces cell death. Therefore,
ferroptosis may also play an important role in CAP-induced T cell death and play an

immunosuppressive role in acute rejection after transplantation.

AIM
To investigate the functions and underlying mechanisms of antirejection effects of

metronomic CAP.

METHODS

A rat LT model of acute rejection was established, and the effect of metronomic CAP on
splenic hematopoietic function and acute graft rejection was evaluated 7 days after LT.
In vitro, primary CD3+ T cells were sorted from rat spleens and human peripheral
blood, and co-cultured with or without 5-fluorouracil (active agent of CAP). The levels
of ferroptosis-related proteins, ferrous ion concentration, and oxidative stress-related
indicators were observed. The changes in mitochondrial structure were observed using

electron microscopy.

RESULTS

With no significant myelotoxicity, metronomic CAP alleviated graft injury (Banff score
9 vs 7.333, P<0.001), prolonged the survival time of the recipient rats (11.5 days vs 16
days, P<0.01), and reduced the infiltration rate of CD3* T cells in peripheral blood (6.859
vs 3.735, P<0.001), liver graft (7.459 vs 3.432, P<0.001), and spleen (26.92 vs 12.9,




P<0.001), thereby inhibiting acute rejection after LT. In vitro, 5-fluorouracil, an end
product of CAP metabolism, induced the degradation of the ferritin heavy chain by
upregulating nuclear receptoréjactivator 4, which caused the accumulation of ferrous
ions. It also inhibited nuclear erythroid 2 p45-related factor 2, heme oxygenase-1, and
glutathione peroxidase 4, eventually leading to oxidative damage and ferroptosis of T

cells.

CONCLUSION
Metronomic CAP can suppress acute allograft rejection in rats by triggering CD3* T cell

ferroptosis, which makes it an effective immunosuppressive agent after LT.

Key Words: Capecitabine; Ferroptosis; T Lymphocytes, Inmunosuppressive agents;

Graft rejection; Liver transplantation.
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Core Tip: Our studies proved that metronomic capecitabine (CAP) alleviated the acute
rejection after transplantation in rats without the common side effect of
myelosuppression. T cell ferroptosis is the underlying mechanism behind the
antirejection effect of CAP, which can induce cell ferrous ions overload and suppress
the nuclear erythroid 2 p45-related factor 2, heme oxygenase-1/glutathione peroxidase
4 antioxidant systems, thereby directly increasing the levels of intracellular reactive
oxygen species, and leading to severe oxidative damage in T cells. These results
revealed a new mechanism of CAP-induced T cell programmed death and suggested

the possibility of using CAP as an immunosuppressant after transplantation.




INTRODUCTION

Recurrence of hepatocellular carcinoma (HCC) represents a serious issue after liver
transplantation (LT), and is closely related to the usage of immunosuppressant drugs [!-
3l. As a classic antimetabolic chemotherapeutic agent, capecitabine (CAP) is widely used
in the treatment of cancers and has also shown good effects on HCC [+ 3l. Metronomic
CAP is suitable for long-term oral administration with low adverse effects and without
sacrificing treatment efficacy [ 7. In patients with recurrent liver cancer after LT,
Ravaioli et al 8. showed that metronomic CAP achieved similar efficacy to sorafenib, a
protein kinase inhibitor approved for hepatocellular carcinoma but with a high
incidence of adverse effects [°l. Interestingly, no acute rejection was seen, suggesting
that CAP may have both immunosuppressive and anticarcinogenic effects. CAP is a
fluoropyrimidine prodrug that is metabolized in a three-step process to 5-fluorouracil
(5-FU) [0 The last step requires thymidine phosphorylase (TP), the distribution of
which determines CAP distribution. This partially explains its different
pharmacological characteristics compared to 5-FU. Because TP is highly expressed in
cancer cells and lymphocytes [11.12], the administration of CAP to LT patients with HCC
may increase tumor killing while preventing graft rejection. In preliminary work, we
found that the differential expression of TP avoided CAP’s side effects of
myelosuppression and suppressed normal mouse immune responses by inducing T cell
apoptosis 13, However, it is not clear what effect CAP has during the immune
activation that follows transplantation, which is key to its use as an
immunosuppressant.

Ferroptosis is a newly defined nonapoptotic cell death that occurs with iron
overload and lethal levels of lipid peroxidation [1+16], Ferroptosis is tightly regulated by
iron metabolism, while ferritin is the major intracellular iron storage protein complex.
Ferritinophagy activation depends on nuclear receptor coactivator 4 (NCOA4) to
transport ferritin to the autophagosome and degrade ferritin to increase intracellular
iron levels [17.18], Subsequently, free ferrous ions overload results in oxidative injury by

the Fenton reaction. Although the regulatory mechanisms of ferroptosis are poorly




understgod, some molecules with antioxidant effects may be implicated, such as
nuclear erythroid 2 p45- related factor 2 (Nrf2) [19.20], heme oxygenase-1 (HO-1) [21], and
glutathione peroxidase 4 (GPX4) [2l. Overall, free ferrous ions result in reactive oxygen
species (ROS) generation and oxidative injury, whereas the Nrf2-HO-1/GPX4
antioxidative system protects cells from oxidative damage induced by ferroptosis [Z]. In
mouse models and in vitro, 5-FU mediates injuries in intestinal mucosal cells, such as
those occurring during chemotherapy, by reducing Nrf2 expression and increasing
ferroptosis [24l. 5-FU also leads to ROS and iron homeostasis-dependent ferroptosis in
myocardial cells by reducing the expression of GPX4 and fer (FTH1) but enhancing the
expression of transferrin receptor 1 25, Thus, mechanistically, ferroptosis plays an
important role in the cell-killing effect of 5-FU.

Our previous study indicated that metronomic CAP can increase ROS levels and
reduce mitochondrial membrane potential (MMP), thus affecting the immune system of
mice [13l. Those results prompted us to further explore whether ferroptosis plays a
significant role in 5-FU-induced immunosuppression. In this study, we investigated the
effect of metronomic CAP on acute rejection in a rat model of LT, and determined how
ferroptosis affects 5-FU-induced immunosuppression. Elucidating the possible
mechanism of CAP as an immunosuppressant with anticancer effects is of great

relevance to optimize drug regimens for HCC patients after LT in the future.

MATERIALS AND METHODS

Animals

Specific-pathogen-free male Lewis rats (donors) and male Brown Norway rats
(recipients) aged 8-10 wk and weighing 250-300 g were obtained from Beijing Vital
River Laboratory Animal Technology Co. Ltd. (Beijing, China). The rats were housed in
a standard room, and fed filtered clean water and standard laboratory food. To
acclimatize, the rats were housed 1 wk before transplantation. According to different
postoperative medication regimens, the rats were randomized to untreated (CON)

groups (0.9% saline, ig) and metronomic capecitabine-treated (MET) groups (CAP 100




mg/kg/day, ig). A total of 12 recipients (6 rats/group) were used for postoperative
specimen collection at 7 days after transplantation, and another 12 recipients (6
rats/group) were used to observe survival. All invasive procedures and specimen

collection were performed under isoflurane anesthesia to minimize pain or discomfort.

Orthotopic LT in rats

Anesthesia was induced with isoflurane and orthotopic LT was performed based on
Kamada’s two-cuff method. The anhepatic phase was controlled within 26 min [26.27].
After transplantation, the rats received 2 mL Ringer’s lactate to replenish blood volume
and rewarmed in an incubator at 37°C for 30 min. On day 7 after LT, an overdose of
pentobarbital (150 mg/kg) was injected intraperitoneally for euthanasia. Femur, blood,

spleen, and the transplanted liver were collected for further examination.

Routine blood tests
Whole blood was used for blood routine tests 7 days after LT. These were performed

with an automatic hematology analyzer (BC-2800Vet; Mindray, Shenzhen, China).

Peripheral blood lymphocyte CD3* T cell count
Peripheral blood lymphocyte CD3*T cell count was obtained based on peripheral blood

lymphocyte count and flow cytometric analysis of the CD3* T cell ratio.

Liver function assay

Serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), total
bilirubin (TBIL), and direct bilirubin (DBIL) were measured using kits (Mindray,
Shenzhen, China) and read with an automatic biochemical analyzer (BS-240VET;
Mindray, Shenzhen, China).

Flow cytometric analysis




Rat peripheral blood mononuclear cells were isolated by gradient centrifugation with a
rat peripheral blood mononuclear cell separation solution (Solarbio, Beijing, China).
Anti-CD3 antibodies (APC anti-rat CD3 Antibody, Cat# 201414; RRID: AB_2563366
BioLegend, San Diego, CA, USA) were used for extracellular staining to identify CD3-
positive lymphocytes. Flow cytometry was performed using the Accuri C6 Plus flow
cytometry (BD Biosciences, Palo Alto, CA, USA) and Flow]Jo software (TreeStar,
Woodburn, OR, USA) was used for data analysis.

The ferrous levels in T cells were measured using FerroOrange (Cat# MX4559,
Maokang Biotechnology, Shanghai, China). Cells were incubated with FerroOrange
(37°C, 20 min) for fluorescence detection. To measure intracellular ROS, cells were
resuspended in phosphate-buffered saline (PBS) containing DCFH-DA (Cat# CA1410,
Solarbio, Beijing, China) at 37°C for 30 min and washed twice with PBS for
fluorescence detection. To measure the lipid ROS of T cells, C11-BODIPY 581 /591 (Cat#
MX5211, Maokang Biotechnology, Shanghai, China) was added and incubated at 37°C
with 5% CO> for 30 min. Cells were then washed twice before fluorescence detection.
The MMP Assay Kit (Cat# M8650, Solarbio, Beijing, China) was used to measure the
MMP in T cells. Cells were incubated with JC-1 working solution at 37°C for 20 min,
then washed twice with JC-1 buffer for fluorescence detection. BODIPY emission was

recorded on an oxidized C11 signal (FITC channel).

Luminex assay

The rat sera were analyzed for cytokine concentrations (IL-10, IL-2, IL-1a, IL-4, IFN-y,
TNF-a, IL-5, IL-6, GRO/KC, IL-12p70) using the Millipore Luminex 200 instrument
(Luminex Corporation, Austin, TX, USA), after incubation of the samples with beads
according to the manufacturer’s instructions. The quantification was performed with

Luminex xPonent version 3.1 software.

Cell culture




Healthy mononuclear cells from the spleen of rat and peripheral blood of human were
collected by gradient centrifugation with respectively, rat tissue mononuclear cell
separation solution (Solarbio, Beijing, China) and human peripheral blood mononuclear
cell separation solution (Solarbio, Beijing, China). T cells were purified through positive
magnetic selection using microbeads (Miltenyi Biotec, Bergisch Gladbac, Germany) and
cultivated at 2.0 x10° cells/well in 6-well plates with RPMI-1640 with 5% fetal bovine
serum and 100 IU/mL IL-2. Within the first 72 h, the anti-CD3/CD28 antibody (Cat#
201401, RRID: AB_893302; 2 pg/mL and Cat# 200902, RRID: AB_313891; 1 pg/mL) were

used to stimulate the T cells.

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8) assay (Boster, Hubei, China) was used to evaluate T
cell proliferation in vitro. The CON group (untreated control, n = 3), 5-FU group (5-FU
15 pM, MCE, Shanghai, China n = 3); ferrostatin-1 (Fer-1) group (Fer-1 2 pM, MCE,
Shanghai, China n = 3); 5-FU+fer-1 group (5-FU 15 pM+fer-1 2 pM) were included.
After 72 h of culture, CCK-8 solution was added to each well of the 96-well plates and
allowed to incubate for 2 h at 37°C, and the optical density value at 450 nm was

recorded.

Histopathology

The femurs and grafts (n = 6 for each group) were removed on postoperative day 7. The
femurs were decalcified with EDTA decalcifying solution (Solarbio, Beijing, China).
Then both femurs and grafts were fixed in 10% paraformaldehyde, dehydrated,
paraffin-embedded, cut into 4 um slides, and stained with hematoxylin and eosin (H&E;

G1120; Solarbio, Beijing, China).

Immunohistochemistry
CD3" cell infiltration was assessed on spleen and liver graft sections as follows: tissue

sections were heated for 15 min in EDTA (pH 8.0) in a microwave for antigen retrieval,




incubated in 3% hydrogen peroxide for 30 min to eliminate endogenous peroxidase
activity, and blocked in normal goat serum. Then the sections were incubated overnight
at 4°C with a rat anti-CD3 antibody (CD3-12, Cat# ab11089, RRID: AB_2889189; Abcam,
Cambridge, MA, USA) and incubated with a secondary antibody (Goat Anti-Rat IgG
Hé&L, Cat# ab97057, RRID: AB_10680316; Abcam, Cambridge, MA, USA) or 30 min at
room temperature the next day. Finally, the sections were stained with freshly prepared
diaminobenzidine solution and counterstained with hematoxylin. Image] software was

applied to 20x images to quantify the CD3-positive fields.

Transmission electron nricroscopy

Cells were collected after centrifugation and fixed in 2.5% glutaraldehyde. After
dehydration through graded ethanol, the cells were embedded in epoxy resins and cut
into ultrathin sections. The morphologic changes in mitochondrial ultrastructure were

observed using a transmission electron microscope (HT7800; Hitachi, Tokyo, Japan).

Western blot analysis

Total protein was extracted using RIPA buffer containing protease and phosphatase
inhibitors. The mixture was placed on ice for 30 min for cell lysis, and then centrifuged
at 12,000 g for 15 min at 4°C to discard the cell debris. Total protein concentration was
quantified by the BCA Protein Assay Kit (Beyotime Biotechnology, Beijing, China). The
proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
electrotransferred to polyvinylidene fluoride membranes, and blocked in 5% skimmed
milk for 1 h. Then the membranes were incubated overnight at 4°C with primary
antibodies against FTH1 (EPR18878, Cat# ab183781; Abcam, Cambridge, MA, USA),
NCOA4 (Cat# PA5-96398, RRID: AB_2808200; Thermo Fisher Scientific, Waltham, MA,
USA), Nrf2 (E5F1A, Cat# 20733S, Cell Signaling Technology, Danvers, MA, USA), HO-1
(EPR1390Y, Cat# ab68477, RRID: AB_11156457; Abcam, Cambridge, MA, USA), and
GPX4 (EPNCIR144, Cat# ab125066, RRID: AB_10973901; Abcam, Cambridge, MA,
USA). B-actin (SP124, Cat# ab115777, RRID: AB_10899528; Abcam, Cambridge, MA,




USA) antibody served as the internal control. The membranes were washed and then
incubated with a secondary antibody (Goat anti-Rabbit IgG H+L, Cat# A16110; Thermo
Fisher Scientific, Shanghai, China) for 1 h at RT. Proteins were detected with an imaging
system (Bio-Rad, Hercules, CA, USA) and band intensities were analyzed with ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

Statistical analyses

The statistical analyses were performed with SPSS 23.0 (IBM Analytics) and GraphPad
8.0 (GraphPad Software). The statistical methods of this study were reviewed by Yuan
Wang from the Department of Biostatistics and Epidemiology, The First Central Clinical
School, Tianjin Medical University. Data are presented as the mean + standard error of
the mean. The unpaired f-test was used to assess the differences between the two
groups, and one-way analysis of variance was used to assess the differences among

three or more groups. P < 0.05 was considered statistically significant.

RESULTS
Metronomic CAP exerts a marginal myelosuppressive effect, compatible with continuous
administration
5-FU, the end product of CAP, may induce myelotoxicity. Thus, we first evaluated
metronomic CAP’s myelotoxicity on peripheral blood hemoglobin (HGB), platelets
(PLTs), and leukocytes in a rat model of orthotopic liver transplantation, where
ipient Brown-Norway rats received the livers from Lewis rats. Seven days after LT,
there was no significant difference in the index of HGB and PLTs between the untreated
control (CON) group and the metronomic CAP-treated (MET) group (Figure 1A, B).
However, leukopenia with a reduced number of lymphocytes was found in the MET
group, while the number of other leukocyte subsets (granulocytes and mononuclear
cells) was not significantly different (Figure 1C-F). These results suggest that CAP had a
relatively targeted killing effect on lymphocytes, but no obvious effect on PLTs,

erythrocytes, monocytes, or granulocytes. In bone marrow, the rats in the MET group




had no pathological manifestation of myelosuppression (Figure 1G), suggesting that the

lymphocytopenia caused by CAP did not result from myelosuppression.

Metronomic CAP reduces acute rejection and alleviates graft injury

To evaluate the effect of metronomic CAP during acute rejection, the grafted livers were
harvested on day 7 after LT for histopathological examination. As shown in Figure 2A,
prominent acute rejection with severe bile duct damage, endothelitis, and hepatocyte
vacuolation occurred in the grafts of the CON group. Portal areas were infiltrated by
inflammatory cells, hepatic sinusoids were greatly expanded, and the sinusoidal
endothelial cells were markedly swollen. Compared with the CON group, acute
rejection in the MET group was ameliorated, as evidenced by inflammatory cell
infiltration being confined to only some of the portal areas and the degeneration of a
few bile duct epithelia. The Banff scores (28] dezeased in the MET group compared with
the CON group (Figure 2B). At day 7 after LT, liver damage was assessed by measuring
serum levels of AST and ALT (Figure 2C, D). Compared with the CON group, CAP
significantly decreased the serum levels of ALT and AST. However, TBIL and DBIL in
both groups showed an increasing trend after operation, but there was no significant
difference between the two groups (Figure 2E, F). In the survival analysis, a log-rank
(Mantel Cox) test was conducted. Rats in the MET group had a longer survival time
compared with the CON group (Figure 2G, median survival time: 16.5 and 11.5 d; p <
0.01).

Metronomic CAP reduces the number of CD3* T cells in graft recipients

Next, to investigate whether the inhibition of acute rejection by metronomic CAP

involved an effect on T cells, CD3* T cells in the peripheral blood, grafts, and spleens

were analyzed. Compared to the CON group, the CD3* T cells in the peripheral blood

were significantly lower in the MET group (Figure 3A, B). In addition, a large number
CD3* T cells was localized in the portal canal area of the CON group. Infiltrated

CD3* T cells in both the liver and spleen were significantly reduced in the MET group




(Figure 3C, D). These results indicate that metronomic CAP can decrease the number of

CD3*T cells in the peripheral blood, liver, and spleen of the recipient rats.

Metronomic CAP regulates serum cytokine levels

Cytokines are an important reflection of immupe cell function and immune status.
Thus, the levels of interferon gamma (IFN-y), tumor necrosis factor alpha (TNF-a),
human growth-regulated oncogene (GRO)/keratinocyte chemoattractant (KC),
interleukin 1 beta (IL-1p), IL-2, IL-4, IL-5, IL-6, IL-10, and IL-12p70 in peripheral blood
and graft were quantified by Luminex assay. As shown in Figure 4A-H, the levels of
pro-inflammatory IFN-y, TNF-a, IL-2, and IL-12p70 in the MET group were
significantly lower than those in the CON group. Other cytokines (IL-1p, IL-5, IL-6, IL-4,
IL-10 and GRO/KC) did not show significant changes (Supplementary figure 1). The
results showed that metronomic CAP plays an immunosuppressive role by

downregulating the concentration of pro-inflammatory cytokines.

Metronomic CAP increases T cell free ferrous ions and induces lipid peroxidation in vivo

The immune activation of T cells is particularly important in the acute rejection of organ
transplants. Similar to many commonly used immunosuppressants, the killing effect of
CAP on T cells is also key to its immunosuppressive activity [13l. TherefoEwe further
explored the mechanism of T cell killing by metronomic CAP. Ferroptosis is a new form
of ROS-dependent programmed cell death that may plays an important role in CAP-
mediated cytotoxicity. Thus, we measured by flow cytometry the concentration of free
ferrous ions, ROS level, and lipid ROS level in peripheral blood CD3+* T cells from
transplanted rats of both groups at day 7. Compared with the CON group, free ferrous
ion concentration (Figure 5A), total ROS (Figure 5B), and lipid ROS (Figure 5C) level
were increased in the MET group. At the same time, detection of the MMP showed a
decreasing trend in the MET group (Figure 5D). These results indicated that
metronomic CAP leads to the generation of ferrous ions and results in lipid

peroxidation, which conforms to the typical characteristics of ferroptosis.




5-FU triggers ferritinophagy and ferroptosis in T cells in vitro

To further explore in vifro the mechanism underlying the CAP-mediated ferroptosis
linked to immunosuppression observed in vivo, primary CD3* T cells were sorted from
rat spleens and human peripheral blood (Supplementary figure 2). Both primary CD3+
T cells were treated with 5-FU in vitro (Supplementary figure 3). This treatment
significantly inhibited cell viability, which was attenuated by the ferroptosis inhibitor
Fer-1 (Figure 6A). Transmission electron microscopy revealed typical characteristics of
ferroptosis in 5-FU-treated group, namely, smaller mitochondria with increased
membrane density, and diminished mitochondrial cristae (Figure 6B). Free ferrous ions
concentration was increased in the 5-FU-treated group, whereas Fer-1 partially reversed
the increase of ferrous ions induced by 5-FU (Figure 6C). As a selective cargo receptor,
NCOA4 mediates the transport of ferritin into lysosomes, inducing ferroptosis. Western
blot analysis revealed that 5-FU treatment induced FTH1 decrease, but a tendency
toward increasing NCOA4 expression was observed (Figure 6D), consistent with the in
vivo studies (Supplementary figure 4). These results confirmed that the cytotoxicity of 5-
FU is at least partly related to the induction of T cell ferroptosis, in which the increase of

free ferrous ions caused by NCOA4-mediated ferritinophagy plays an important role.

5-FU-triggered ferroptosis is associated with inhibition of the Nrf2-HO-1/GPX4 antioxidative
pathway

To evaluate the effect 5-FU on the antioxidant system, antioxidant-related proteins were
measured in rat and human primary CD3* T cells treated with 5-FU. The expression of
Nrf-2, HO-1, and GPX4 was evaluated in both groups and compared, and treatment
with 5-FU was found to be associated with a marked decrease (Figure 7A), consistent
with the in vivo studies (Supplementary figure 4). The results showed that 5-FU
treatment increased total ROS and lipid ROS levels and decreased MMP (Figure 7B-D).
It also decreased glutathione (GSH) levels and increased the oxidative stress biomarker

malondialdehyde (MDA) (Figure 7E, F). Fer-1 inhibits ferroptosis partly by activating




Nrf2 1. Accordingly, it reversed 5-FU-mediated inhibition of Nrf-2, HO-1, and GPX4,
increased GSH level, and decreased MDA content, thereby alleviating cell peroxidation
induced by 5-FU (Figure 7 A-D). These results suggest that 5-FU inhibits the
antioxidant system of T cells, inducing the T cells damaged by lipid peroxidation, which

results in ferroptosis.

DISCUSSION

The conflict between the risk of tumor formation and immune rejection after
transplantation has always been a concern. Therefore, it is of great clinical value to
identify a drug with both immunosuppressive and anticancer effects. CAP is a classic
chemotherapy drug for HCC 6], which has been shown to have immunosuppressive
effects in a previous study B8], suggesting that metronomic CAP can be used as an
immunosuppressant after transplantation and bring long-term benefits to LT patients
with HCC. In our previous study, we found that metronomic CAP exerts
immunosuppressive effects on normal mice by inducing T cell apoptosis ['3]; however,
the effect of CAP on the immune system in the context of organ transplantation was
unclear. Therefore, we explored the safety, availability, and mechanism of metronomic
CAP as an immunosuppressant in a model of rat orthotopic LT. Our results suggest that
metronomic CAP can inhibit the acute rejection of LT by inhibiting T cells while
avoiding the main side effects of 5-FU. Its mechanism is related to the induction of
ferritin degradation and the inhibition of antioxidant-related proteins, which ultimately
leads to the death of T cells (Figure 8).

The in effects of 5-FU are on rapidly proliferating tissues, specifically bone
marrow. 5-FU suppressed bone marrow hematopoiesis including a significant decrease
in the number of erythrocytes, platelet, and leukocyte in the peripheral blood 30,311, As
the prodrug of 5-FU, it is of high clinical relevance to show the safety of medication of
CAP. Overall, metronomic capecitabine is considered safe, with fewer side effects than
traditional chemotherapy regimens. Metronomic CAP is well tolerated and safe in

clinical practice, including for patients with hepatocellular carcinoma or patients after




liver transplantation [8 3234, In mice, there was also no obvious myelosuppression in the
MET group 7 days after taking CAP, though the related studies showed that 5-FU could
cause severe myelosuppression after 7 days of administration B TP is a key enzyme in
the metabolism of CAP [3¢]. The lack of TP in bone marrow may explain the lack of bone
marrow suppression of CAP .13l In a past study, we established the safety of CAP in
CAP-fed mice, which did not cause significant myelosuppression after 21 days of
administration [13l. However, the depletion of lymphocytes is not related to bone
marrow suppression, and the high expression of TP in lymphocytes directly leads to the
killing effect of CAP [11l. CAP is safe for long-term use because it can circumvent the
inhibitory effect of 5-FU on bone marrow hematopoietic function.

When acute rejection occurs, immune cells mainly infiltrate the hilar region of the
grafted liver, inducing pericentral inflammation, damaging the vascular and bile duct
endothelium, damaging hepatocytes, and destroying the lobular structure 3738l CAP
can preserve the function and structure of the transplanted liver by inhibiting acute
rejection. Compared with the CON group, the Banff score was significantly lower in the
MET group at 7 days after transplantation while the elevation of ALT and AST in the
MET group was significantly less pronounced than that in the CON group. ALT and
AST are primarily expressed in liver cells, and liver allograft destruction caused by
rejection is positively associated with ALT and AST expression 1% 4l However, TBIL
and DBIL in both groups showed an increasing trend after surgery with no significant
difference between the two groups. It may be related to biliary tract injury and bilirubin
stasis caused by the lack of hepatic artery reconstruction and the use of cannula
reconstruction of bile duct in the traditional rat “two-cuff method” orthotopic LT 411,

Antigen presentation and T cell activation are key steps in rejection. Donor-derived
antigen-presenting cells provide immune stimulation to recipient naive CD4* T cells,
known as the direct antigen presentation pathway, which is the main mode of
activation in acute rejection K2 431 Once rejection is initiated, CD8* T cell ainly
differentiate into cytotoxic T cells, which directly cause graft injury. CD4* T cells can
differentiate into many subtypes, mainly helper T cells (Thl, Th2, and Thl7) and




regulatory T cells (Treg). In acute rejection, T cells differentiate mainly to Th1, driven by
pro-inflammatory cytokines such as IL-12 and IFN-y. Thl cells secrete IL-2 and IFN-y,
providing a positive feedback loop to stimulate Thl cells to proliferate further. IFN-y is
usually associated with proinflammatory and immune activation processes while IL-2 is
necessary for survival and effects of activated T cell. T cell activation, proliferation,
differentiation, and migration are the immune basis of acute rejection after organ
transplantation, and are often used as the targets of clinical immunosuppression 142 4.
45]. The results of our study showed that IL-2 and IFN-y were decreased in CAP treated
rats. The changes in cytokines suggest that in addition to decreasing the number of T
cells, CAP may also target ThO cells’ differentiation. Since IFN-y has a stimulatory effect
on the secretion of TNF-a by M1 macrophages|*l, the decrease in TNF-a may be related
to the inhibition of IL-2 secretion in T cells by CAP. By inducing the programmed death
of T cells, CAP mitigates transplant rejection and protects graft function. Moreover,
cytokines associated with rejection were also affected by CAP treatment. Metronomic
CAP significantly reduced the levels of pro-inflammatory cytokines (IFN-y, TNF-a, IL-2
and IL-12p70), which mainly secreted by immune cells and contributing to rejection [47-
50],

The data from our study demonstrated that the selective cytotoxic effect of the T
cells of metronomic CAP is crucial for the prevention of acute organ transplant
rejection. Next, we further explored the mechanism underlying the immunosuppressive
effect of metronomic CAP by studying CD3* T cells in more details. Mitochondria is a
main source of ROS and mitochondria ROS is a critical component of T cell activation,
proliferation, and effector function of T cells [5-%]. However, excessive ROS production,
inducible by high level of iron, leads to ROS-mediated membrane phospholipid
peroxidation and T cell death upon activation [54. Thus, we investigated the effect of
CAP on the level of CD3* T cell ferrous ions with a ferrous probe and found that CAP
treatment induced ferrous ion accumulation, accompanied by increased ROS and lipid
ROS and decreased MMP. Mitochondrial ROS production and MMP reduction are two

important parameters of mitochondrial damage, and lipid peroxidation following ROS




generation plays an important role in ROS-induced cellular damage [5>%1. These results
indicate that metronomic CAP increased ferrous ion accumulation and oxidative
damage in the CD3* T cells of rats after transplantation, which may be the mechanism
behind CAP-induced T cell reduction. Next, we used rat and human primary CD3* T
cells to further explore the role of ferroptosis in CAP-induced immunosuppression in

tro. Free ferrous iron overload, lipid peroxide accumulation, and specific
mitochondrial morphological changes are three key characteristics that distinguish
ferroptosis from other programmed cell deaths (4. In this study, typical mitochondrial
changes were observed in T cells of the 5-FU group under transmission electron
microscopy. Ferrous ion in rat primary CD3* T cells of the 5-FU group was increased
with the downregulation of FTH1 and upregulation of NCOA4, revealing the
occurrence of ferritinophagy. That is, the autophagic degradation of ferritin, contributed
to rat T cell ferrous overload, excessive lipid peroxidation, and eventually ferroptosis in
the 5-FU group. Nrf2 is a core player in the regulation of antioxidant molecules in cells,
which can induce the synthesis of HO-1 and GPX4 [20. 38 The Nrf2-HO-1/GPX4
antioxidative system, which participates in the regulation of oxidative damage and
inhibits erastin-induced ferroptosis [*l, was suppressed by 5-FU in vitro. It also reduced
GSH levels, indicative of impairment of antioxidant capacity, and improved the levels
of MDA, an end-product of lipid peroxidation.

In this study, we showed that metronomic CAP alleviated rat LT rejection without
the common side effect (myelosuppression) of antitumor drugs. T cell ferroptosis plays
an important role in the antirejection effect of CAP, which can induce cell iron overload
and suppressing the Nrf2-HO-1/GPX4 antioxidant systems, directly increasing the
levels of intracellular ROS, leading to severe mitochondrial damage in T cells. These
results revealed a new mechanism of CAP-induced T cell programmed death and
suggested the possibility of using CAP as an immunosuppressant after transplantation.
As a traditional antitumor drug, CAP has immunosuppressive effects, that may kill
tumor cells and induce T cell death at the same time. CAP may have both antirejection

and antitumor effects on patients with HCC after LT, thereby having broad clinical




application prospects. In the light of our findings, CAP alone as an immunosuppressive
agent does not achieve satisfactory therapeutic effects. Therefore, the combination and
interaction of CAP with other immunosuppressive agents is an important research
direction in the future. In addition, we observed interesting effects of CAP on different
cytokines, but further observations were lacking. The effects of CAP on T cell subsets
and other immune cells are worth further attention. In the future, we plan to establish
tumor-bearing animal models for allotransplantation, to clarify the dual antirejection
and antitumor effects of CAP. In conclusion, the immunosuppressive effect of CAP
should be further explored to optimize the drug treatment regimen for LT patients with

liver cancer.

CONCLUSION

Metronomic CAP can alleviate liver graft injury and reduce the proliferation and
infiltration of CD3* T cells in peripheral blood, graft, and spleen, thereby inhibiting
acute rejection after LT. T cell ferroptosis plays an important role in the antirejection
effect of CAP, which can induce cell iron overload and suppress the Nrf2-HO-1/GPX4
antioxidant systems, thereby directly increasing the levels of intracellular ROS and

leading to severe oxidative damage in T cells.

ARTICLE HIGHLIGHTS

Research background

As a classical antimetabolite, capecitabine has shown potential antirejection effects after
liver transplantation in clinical trials. Our previous study showed that metronomic
capecitabine can cause programmed T-cell death in healthy mice by inducing oxidative
stress, which is also the key step in ferroptosis. Thus, ferroptosis may play an important
role in capecitabine-induced T-cell death and an immunosuppressive role in acute

rejection after transplantation.

Research motivation




This study investigated the immunosuppressive effect of metronomic capecitabine in
rat liver transplantation and its mechanism, which may be wused as an
immunosu&ressi\re agent after liver transplantation to improve the prognosis of liver

transplant patients with hepatocellular carcinoma.

Research objectives

The objective of this study was to investigate the possibility of using capecitabine as an
anti-rejection agent after transplantation. The results showed that metronomic
capecitabine could exert an immunosuppressive effect by inducing T-cell ferroptosis,
which provided a basis for investigating capecitabine as part of an immunosuppressive

regimen.

Research methods

A rat liver transplantation model of acute rejection was established, and the effect of
metronomic capecitabine on splenic hematopoietic function and acute graft rejection
was evaluated 7 days after transplantation. In vitro, primary CD3* T cells were sorted
and co-cultured with or without 5-fluorouracil (active agent of capecitabine). The levels
of ferroptosis-related proteins, ferrous ion concentration, and oxidative stress-related
indicators were observed. The changes in mitochondrial structure were observed using

electron microscopy.

Research results

With no significant myelotoxicity, metronomic capecitabine alleviated graft injury,
prolonged the survival time of the recipient rats, and reduced the infiltration rate of
CD3* T cells in peripheral blood, liver graft, and spleen, thereby inhibiting acute
rejection after liver transplantation. In wvitro, 5-fluorouracil, an end product of
capecitabine metabolism, induced the degradation of the ferritin heavy chain by
upregulating nuclear receptoréjactivator 4, which caused the accumulation of ferrous

ions. It also inhibited nuclear erythroid 2 p45-related factor 2, heme oxygenase-1, and




glutathione peroxidase 4, eventually leading to oxidative damage and ferroptosis of T

cells.

Research conclusions

Metronomic capecitabine can alleviate liver graft injury and reduce the proliferation
and infiltration of CD3* T cells in peripheral blood, graft, and spleen by inducing T cell
oxidative damage and ferroptosis, thereby inhibiting acute rejection after liver

transplantation.

Research perspectives

The combination and interaction of capecitabine with other immunosuppressive agents
is an important research direction in the future. In addition, the effects of capecitabine
on T cell subsets and other immune cells are worth further attention. Besides, we plan
to establish tumor-bearing animal models for allotransplantation, to clarify the dual

antirejection and antitumor effects of capecitabine.
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