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Background: Acute rejection (AR) after liver transplantation (LT) remains an
important factor affecting the prognosis of patients. CD8" T cells are
considered to be important regulatory T lymphocytes involved in AR after LT.
Our previous study confirmed that autophagy mediated AR by promoting
activation and proliferation of CD8" T cells. However, the underlying
mechanisms regulating autophagy in CD8" T cells during AR remain unclear.

Methods: Human liver biopsy specimens of AR after orthotopic LT were
collected to assess the relationship between JNK and CD8* T cells autophagy.
The effect of JNK inhibition on CD8" T cells autophagy and its role in AR were
further examined in rats. Besides, the underlying mechanisms how JNK regulated
the autophagy of CD8* T cells were further explored.

Results: The expression of INK is positive correlated with the autophagy level of
CD8* T cells in AR patients. And similar findings were obtained in rats after LT.
Further, INK inhibitor remarkably inhibited the autophagy of CD8* T cells in rat
LT recipients. In addition, administration of JNK inhibitor significantly attenuated
AR injury by promoting the apoptosis and downregulating the function of CD8" T
cells. Mechanistically, JINK may activate the autophagy of CD8" T cells through
upregulating BECN1 by inhibiting the formation of Bcl-2/BECN1 complex.

Conclusion: JNK signaling promoted CD8" T cells autophagy to mediate AR
after LT, providing a theoretical basis for finding new drug targets for the
prevention and treatment of AR after LT.
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Introduction

Liver transplantation (LT) remains the only effective
treatment for end-stage liver disease. The improvement of
surgical procedure and immunosuppressants significantly
improve the prognosis of LT recipients. However, acute
rejection (AR) after LT still seriously affects the quality of life
and long-term survival of patients. In the current usage of
powerful immunosuppressants such as cyclosporine A and
tacrolimus, the incidence of AR after LT remains as high as
15.6%-26.9% (1). In addition, liver and kidney toxicity and
infection risk caused by immunosuppressive agents should not
be ignored (2-4). Therefore, it is of great clinical significance to
study the mechanism of rejection after LT and to find new drug
targets for the prevention and treatment of AR.

AR after liver transplantation is mainly mediated by T cells, also
known as T-cell-mediated rejection (TCMR) (5, 6). Among which,
CD4" T cells promote parenchymal cell apoptosis through Fas-
FasL, attract and recruit neutrophils and macrophages to damage
graft by secreting inflammatory cytokines, and help activate CD8" T
cells. Activated CD8" T cells can kill graft and vascular endothelial
cells directly by secreting granzyme and perforin (7, 8). Therefore,
inhibition of T lymphocyte proliferation and promotion of T
lymphocyte apoptosis are important means to induce immune
tolerance. Our previous study has proved that the activated CD8"
T cells during AR rely on autophagy to promote their proliferation
and function, and the inhibition of autophagy prolongs rat recipient
survival by promoting the apoptosis of CD8" T cells (9). Our
previous study indicated that manipulate autophagy may be
effective strategy to induce immune tolerance. However, the
underling mechanism of CD8" T cell autophagy participates in
AR after LT have not been previously investigated.

JNK is a member of the mitogen-activated protein kinase
(MAPK) family, located in the c-Jun amino terminal activation
region, and consists of three subtypes: JNKI1, JNK2, and JNK3.
JNK1 and JNK2 subtypes are widely expressed in various tissues
and organs, while JNK3 is expressed mainly in the brain and nerves
(10). The JNK pathway is activated in response to a variety of
stimuli, such as oxidative stress, inflammation, DNA damage, and
cytoskeleton remodeling (11-13). JNK pathways are reported to
promote the expression of various autophagy related genes
including Atg5, Atg7 and Beclin-1 directly or through FoxOs,
thereby activating autophagy (14). Besides, JNK signaling plays an
important role in T cell activation and proliferation (15, 16). And
the role of JNK activation in transplantation immunity has also
been explored by some researchers. Inhibition of JNK was found to
suppress T cell-mediated immune response and attenuate AR after
heart and kidney transplantation (17, 18). However, whether JNK
signaling pathway can mediate hepatic AR by promoting
proliferation of CD8" T cells through up-regulation of autophagy
remains to be further elucidated.

In the present study, we collected sixteen AR patients’ liver
sections and confirmed the positive correlation between the JNK
expression and the autophagy level of CD8" T cells. And similar
findings were obtained in vivo by establishing liver transplantation
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model in rats. Further, JNK inhibitor remarkably inhibited the
autophagy of CD8" T cells in rat LT recipients. In addition,
administration of JNK inhibitor significantly attenuated AR injury
by promoting the apoptosis and downregulating the function of
CD8" T cells. Mechanistically, JNK may activate the autophagy of
CD8" T cells through upregulating BECN1 by inhibiting the
formation of Bcl-2/BECN1 complex. Finally, we further
demonstrated that JNK signaling up-regulates BECN1-promoted
autophagy mediated AR after LT in a rat model. In conclusion, our
results indicate that inhibition of JNK signaling can be used as one
of the means to target autophagy of CD8" T cells and might become
a new strategy for the treatment graft rejection.

Materials and methods

Clinical liver samples and liver
function tests

16 paraffin-embedded liver sections of human liver tissue with
different grades of rejection after LT and 10 control sections with
normal liver histology from hepatic hemangioma patients were
obtained from the Department of Pathology of the Third Affiliated
Hospital of Sun Yat-Sen University. The diagnosis of AR was
according to Banff criteria (19). The sections were used for
histological and immunostaining analysis. Informed consent was
obtained from all the patients in accordance with the ethics
committee of the Third Affiliated Hospital of Sun Yat-
Sen University.

Hepatic acute rejection model in rats

Specific pathogen-free male Lewis (LW) and male Brown
Norway (BN) rats (8 to 12 weeks old, 200 to 250 g in weight) were
purchased from Beijing Vital River Company. All rats were housed
at the Institute of Laboratory Animal Science, Jinan University, at 21°
C and under a 12/12-hour light/dark cycle with ad libitum access to
sterile water and standard pellet chow under standardized
environmental conditions. An orthotopic liver transplantation
(OLT) model without hepatic artery reconstruction was created as
our previous studies described (9, 20). Rats were randomly divided
into two groups: homogenic group and allogenic group. In allogenic
group, acute rejection model was established by transplanting
LW livers into BN rats. And transplantation model from BN to
BN was used as homogenic control. In some experiments, allogenic
rat recipients were treated with JNK inhibitor SP600125
intraperitoneally at a dose of 10mg/kg every 2 days starting from
the day before transplantation. The rats in each group were sacrificed
on days 3, 7, and 9 after LT according to experimental design
via anesthesia overdose, respectively. Before the rats were
sacrificed, serum samples were obtained. All procedures complied
with the “Guide for the Care and Use of Laboratory Animals”
from the National Institutes of Health (Approval numbers:
RGBIO 2022091601).
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Isolation of lymphocytes and cell culture

Peripheral blood mononuclear cells (PBMCs) were isolated from
the peripheral blood of patients and rat recipients by Ficoll density-
gradient centrifugation according to the manufacturer’s instructions.
PBMCs were plated in 96-well round-bottom plates in RPMI-1640
complete medium (RPMI-1640 medium (Invitrogen, USA), 10% FBS
(Gibco, USA) and 1% penicillin/streptomycin (Invitrogen, USA)) at
37°C and 5% CO,. Rat one-way mixed lymphocyte reaction (MLR)
model was established. Briefly, donor (LW rat) lymphocytes were
inactivated by mitomycin C (final concentration 25 ug/mL) at 37 °C
for 30 min, washed by PBS for 3 times, and resuspended in RPMI-
1640 complete medium. The lymphocytes of recipient (BN rat) also
were resuspended in RPMI-1640 complete medium for standby. The
density of donor and recipient cells was adjusted to 1x10°/mL, and
100uL of donor and recipient cells were added into a 96-well plate
with a round bottom (1:1 ratio), with a total volume of 200uL. CD8"
T cells were isolated by magnetic affinity cell sorting using CD8
microbeads (MiltenyiBiotec, Germany). To confirm the purification,
CD8" T cells were stained with BV510-conjugated anti-CD3 and
APC-conjugated anti-CD8, and then assayed by flow cytometry
(Supplementary Figure 1A). Jurkat T cells (American Tissue
Culture Collection, USA) were cultured under the same conditions
as PBMCs.

Cell transfection and treatment

Plasmid and siRNA were used to regulate the expression of JNK
and BECNI1. JNK-siRNA (RiboBio, China), JNK-overexpressing
and BECNI1-shRNA plasmid (GeneCopoeia, USA) were
transfected using Lipofectamine 3000 (Invitrogen, USA)
according to the manufacturer’s instructions. All transfections
were independently performed at least three times. Jurkat cells are
activated by anti-CD3/28 mAbs (Invitrogen, USA). We established
a stable expression stubRFP-sensGFP-LC3 Jurkat T cell line
infected by directly adding lentivirus expressing stubRFP-
sensGFP-LC3 fusion protein (GeneChem, China) following the
manufacturer’s protocol. Jurkat cells and CD8" T cells were
treated with or without 3 mM 3-methyladenine (3-MA, Sigma-
Aldrich, USA) for 2 days. For SP600125 (Selleck Chemicals, USA)
treatment, cells were incubated with or without SP600125 for 3 days
at a dose of 5 UM.

Depletion of CD8T cells by antibodies and
CD8™ T cells intravenous injections

The recipient BN rats were injected with anti-rat CD8 antibody
(Novus, OX-8, 0.5 mg/Rat) through the tail vein three days before
liver transplantation, while the control group was injected with CD8
immunoglobulin G (IgG). The proportion of CD8" T cells in liver
tissue and peripheral blood was detected at different time points
after injection to observe the effect of CD8" T cells depletion. In
addition, CD8" T cells were isolated from the spleen of recipient BN
rats using a magnetic CD8" T cells isolation kit (MiltenyiBiotec,
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Germany). A small fraction of the collected cells was used to ensure
the purity of the isolated CD8" T cells by flow cytometry. The cells
were resuspended in PBS solution immediately before injection, and
3.2 x 10° CD8" T cells were injected into homologous recipient BN
rats through the tail vein before liver transplantation.

Liver histological examination and
immunohistochemical staining

Liver tissues were fixed in 10% paraformaldehyde, embedded in
paraffin and then cut into sections in 4mm thickness. Liver tissues
sections were stained with hematoxylin and eosin (H&E) for
histological examination using standard histological procedures.
The degree of AR was assessed by two pathologists using the Banff
scheme to calculate the rejection activity index (RAI) based on three
individual characteristics (venous endothelial inflammation, bile
duct damage and portal inflammation). For immunohistochemical
staining, after dewaxed, hydrated, antigen repaired, the sections
were incubated with corresponding primary antibodies overnight at
4°C, including p-JNK(Cell Signaling Technology, CST, USA), CD8
(CST, USA) and LC3B (ABclonal, China). After washed twice with
PBS, the sections incubated with HRP-linked secondary antibody
(DAKO, USA) for 1 h at room temperature. At last, the sections
were visualized using DAB (DAKO, USA) and counterstained
using hematoxylin.

Immunofluorescence triple-labeling of
CD8, p-JNK and LC3

Immunofluorescence multiple-labeled staining was carried out
using a TSA-Kit (PerkinElmer Life Sciences, USA). Firstly, the sections
were incubated with the first antibody LC3B overnight at 4°C. Then,
the sections were incubated with the HRP labeled secondary antibody
for 50 min after cleaning. At last, the sections were incubated with
Cy3-TSA for 10 min after cleaning. Antigen retrieval was performed
by heating in a microwave. Secondly, the sections were incubated with
the second antibody p-JNK overnight at 4°C. Then, the sections were
again incubated with the HRP labeled secondary antibody for 50 min
after cleaning. At last, the sections were incubated with 647-TSA for 10
min after cleaning. Antigen retrieval was again performed by heating
in a microwave. Thirdly, the sections were incubated with the third
antibody CD8 overnight at 4°C. Then, the sections were again
incubated with the FITC-labeled fluorescent secondary antibody for
50 min after cleaning. Finally, the sections were incubated with DAPI
(1:500 dilution; Vector Laboratories, CA, USA), and observed under
fluorescence microscope.

Western blotting and immunoprecipitation

Proteins were extracted from Jurkat T cells and CD8" T cells
isolated from human, rat peripheral blood and MLR, and protein
concentration was measured by BCA method. Equal concentrations
of protein were separated by 12% sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis and transferred onto
polyvinylidene difluoride membranes (Millipore, Bedford, MA).
The membranes were incubated with rabbit anti-human JNK, p-
JNK, Beclin-1, LC3B, P62, GAPDH and rabbit anti-rat JNK, p-JNK,
Beclin-1, LC3B, P62, GAPDH antibodies at 4°C overnight, followed
by incubation with corresponding secondary antibodies for 1 h.
Signal detection and results were recorded using a Tanon-5200CE
Chemiluminescent Imaging System (Tanon Science and
Technology, China). WB analysis was performed using Image]
software. For the Beclin-1/Bcl-2 co-immunoprecipitation, Briefly,
The lysed cells were pre-cleared with 30ul Protein G Agarose beads
(Santa Cruz Biotechnology,USA) for 1 h and incubated with Bcl-2
antibody or beclin-1 antibody at 4°C overnight, followed by adding
Protein G Agarose beads and incubating at shaker for 3 h at 4°C.
Immunocomplexes were washed 5 times, resuspended in 3x SDS-
PAGE loading buffer, boiled for 10 min and subjected to
immunoblotting for Beclin-1 and Bcl-2.

Flow cytometry analysis

PBMC:s were isolated from the peripheral blood of patients and
rat recipients by Ficoll density-gradient centrifugation according to
the manufacturer’s instructions. Cell surface antigens (Ags) were
characterized using a standard staining method and measured by
flow cytometry. The surface markers of the cells were stained with
mAbs against CD3, CD4, CD8. The proliferation of Jurkat T cells
was measured by flow cytometric measurement of Ki-67
(BioLegend, USA). An apoptosis detection kit (Beyotime, China)
was used for annexin V and PI staining. Dihydroethidium (DHE)
(KeyGEN BioTECH, China) fluorescent probe for cytosolic reactive
oxygen species (ROS) detection. Moreover, flow cytometry was used
to assay for changes in LC3B and p-JNK levels in CD8" T cell.
Briefly, the collected cells were resuspended in PBS, then incubated
with anti-LC3B and p-JNK primary antibody for 1 h, rinsed with
PBS, incubated with fluorescent-conjugated secondary antibodies at
room temperature for 30 min. The stained cells were detected by
flow cytometry. The results were analyzed by flow cytometry.

Transmission electron microscopy

TEM is used for the detection of autophagosomes. Liver tissues
were fixed with 2.5% glutaraldehyde at pH 7.4, 0.1 M sodium
cacodylate for 2-4 h at 44°C, post-fixed, dehydrated, embedded,
cut, and stained. Finally, the images were captured using an
HT7700 TEM (HITACHI, Japan). Ultrastructural assessment was
performed by a blinded observer, and at least three randomly
selected areas were evaluated.

Statistical analysis
All measurements were carried out, at least, in triplicate, and the

results are expressed as the mean + SD. values. Statistical differences
between multiple groups were compared using one-way analysis of
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variance. Statistical differences between two groups were
determined using two-tailed unpaired Student’s t-test. Analyses
were performed with SPSS 26.0. p< 0.05 was considered.

Results

JNK signaling is involved in autophagy of
CD8™ T cells during AR in patients

To determine the expression of JNK signaling and its
relationship with autophagy in CD8" T cells during AR, liver
tissues from LT patients (n = 16) and control individuals (n = 10)
were collected. Consistent with our previous study, the CDS8" T cells
infiltrated in liver grafts in the AR group was evidently higher
compared with normal liver by THC staining, and the infiltration of
CD8" T cells increased significantly with the aggravation of the
rejection (Figure 1A). The liver enzymes were significantly higher in
patients with severe rejection at the time of initial diagnosis
(Figure 1B). Then CD8" T cells of peripheral blood were isolated
from patients. WB was performed to examine the protein levels of
autophagy related proteins and JNK signaling. The results showed
that autophagy levels of CD8" T cells increased significantly in
severe rejection patients than mild rejection counterparts, as
demonstrated by up-regulated autophagy-related proteins LC3
and Beclin-1 levels and down-regulated P62 levels. Similar to the
autophagy level, the phosphorylation level of JNK was also
significantly higher in the severe rejection group than in the mild
rejection group, suggesting the association between the two
(Figure 1C). And the p-JNK expression was positively correlated
with liver function (ALT) and autophagy level (LC3 II/LC3 I ratio)
(Figure 1D). The distribution of LC3 and p-JNK were further
determined by IHC. LC3 and p-JNK were strongly expressed in
stromal cells, and both of them are positively correlated with the
severity of acute rejection (Supplementary Figure 1C). Besides, the
multi-label fluorescence staining found that most of p-JNK and LC3
were co-expressed on CD8 positive cell, and their expression
increased with the aggravation of rejection (Figure 1E). Thus,
these data indicates that JNK signaling may involve in CD8" T
cell autophagy during AR.

Activation of JNK positive correlates with
the autophagy level of CD8* T cells in rat
AR model

Based on the above results of clinical AR data, we further
constructed an acute hepatic rejection model in rats to explore the
relation between JNK and autophagy during AR. Compared with
homogenic recipients, pathology results showed that AR caused
significant inflammatory damage and extensive immune cell
infiltration in the liver grafts, accompanied by significantly
deteriorated liver function and upregulated inflammatory
cytokines. Immunohistochemical results showed that CD8" T
cells gradually became the main immune cells infiltrating the
graft over time (Figures 2A-C, Supplementary Figure 1D). In
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FIGURE 1

JNK signaling is involved in autophagy of CD8" T cells during AR in patients (A) Histopathology (H&E staining) and Immunohistochemical staining of
CD8 expression in biopsies with different grades of rejection after LT. The rejection activity index calculated by the Banff scheme and quantification
of CD8" T cells were quantified as in (A), right (n=8). (B) ALT and AST values in both mild-rejection (n=8) and severe-rejection (n=8) groups in AR
patients. (C) The protein levels of INK, p-JNK, Beclin-1, LC3 and P62 in CD8™ T cells of peripheral blood isolated from patients were detected by
Western Blotting. (D) The ratio of p-IJNK/GAPDH correlated positively with ALT on biopsy day and with the ratio of LC3 II/LC3 | (n=8). (E)
Immunofluorescence staining of CD8 (green fluorescence), p-JNK (pink fluorescence) and LC3 (red fluorescence) in biopsies with different grades of
rejection after LT. Nuclei were counterstained with DAPI (blue) (n=8). The control sections with normal liver histology were from hepatic
hemangioma patients. Each experiment was independently performed more than twice. *p <0.05, **p <0.01, and ***p <0.001; LT,

liver transplantation.

addition, we observed that JNK phosphorylation was significantly
enhanced in peripheral blood CD8" T cells from AR rats compared
with homogenic recipients and increased with transplantation time
by WB, a trend consistent with enhanced autophagy levels
(Supplementary Figure 1B). Immunohistochemical staining
showed that LC3 and p-JNK were highly expressed in
mesenchymal cells during liver graft rejection (Supplementary
Figure 1G). In addition, consistent with the above human LT
data, we further confirmed by three-color immunofluorescence
that most of p-JNK and LC3 co-color on CD8-positive cells, and
the number of three-positive cells was positively correlated with the
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degree of graft rejection (Figure 2D). These data suggest that
autophagy levels in CD8" T cells are significantly correlated with
JNK phosphorylation during AR of LT in rats.

Blocking of JNK inhibits CD8* T cell
autophagy during AR
To determine the role of JNK signaling in CD8" T cell

autophagy, we first examined the autophagy level of Jurkat T cells
treated with JNK inhibitor SP600125 following the activation by
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Activation of JNK positive correlates with the autophagy level of CD8™ T cells in rat AR model (A) Histopathology (H&E staining) and
Immunohistochemical staining of CD8 expression in rat AR model at different times after transplantation (n=9). (B) The rejection activity index
calculated by the Banff scheme and quantification of CD8" T cells were quantified (n=9). (C) ALT and AST in serum in rat AR model at different times
after transplantation (n=9). (D) Immunofluorescence staining of CD8 (green fluorescence), p-JNK (pink fluorescence) and LC3 (red fluorescence) in
the liver grafts from rat AR model at different times after transplantation. Nuclei were counterstained with DAPI (blue) (n=9). Each experiment was
independently performed more than twice. **p <0.01, and ***p <0.001; AR, acute rejection

anti-CD3/28 mAbs. The autophagy level of activated Jurkat cells
were significantly upregulated, which was significantly restrained
when JNK signal was inhibited with SP600125 (Figure 3A).
Transmission electron microscopy (TEM) pictures further
revealed an exact reduction of autophagosomes in activated
Jurkat T cells treated with SP600125 (Figure 3B). We then further
established one-way MLR model to mimic acute rejection. The flow
cytometry results showed that SP600125 treatment decreased the
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autophagy level of CD8" T cells (Supplementary Figure 2A).
Additionally, CD8" T cells subjected to MLR were isolated and
the WB analysis revealed that SP600125 treatment significantly
decreased autophagy related protein LC3 and Beclin-1, while
increased the expression of P62 (Supplementary Figure 1H).
Thus, these results suggest that JNK blocking inhibited the
autophagy level of activated CD8" T cell in vitro. To explore the
effect of JNK on autophagy in CD8+ T cells during AR in vivo, we
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FIGURE 3

Blocking of JNK inhibits CD8™ T cell autophagy during AR (A) Jurkat T cells were transfected with StubRFP-sensGFP-LC3 lentivirus and treated with
or without SP600125 following the activation by anti-CD3/28 mAbs. Nuclei were counterstained with DAPI (blue). GFP-LC3: green; mRFP-LC3: red;
nuclei: blue. The numbers of neutral autophagosomes (GFP*mRFP*) versus acidified autophagosomes (GFP"mRFP™) per cell in each condition were
quantified as in (A), right. (B) Transmission electron microscopy (TEM) images for autophagosome in Jurkat T cells treated with or without SP600125
following the activation by anti-CD3/28 mAbs. The arrow denotes a representative autophagosome. (C) Immunohistochemical staining of p-JNK
and LC3 in the allogeneic rat recipients on POD3 after LT with or without SP600125 treatment (n=9). (D) The protein levels of p-JNK, Beclin-1, LC3
and P62 in CD8" T cells isolated from allogeneic rat recipients’ peripheral blood on POD3 after LT at SP600125 treatment (n=9). (E)
Immunofluorescence staining of CD8 (green fluorescence), p-JNK (pink fluorescence) and LC3 (red fluorescence) in the allogeneic rat recipients on
POD3 after LT with or without SP600125 treatment. Nuclei were counterstained with DAPI (blue) (n=9). Each experiment was independently
performed more than twice **p <0.01. AR, acute rejection; LT, liver transplantation; POD, postoperative day. SP600125, a specific INK inhibitor

then further pretreated allogeneic rat recipients with SP600125 by
intraperitoneal injection. Samples of blood and liver grafts were
collected on POD3 after LT. Immunohistochemical staining and
WB showed that SP600125 significantly inhibited JNK activation
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and reduced autophagy level in liver grafts (Figures 3C, D). Triple-
color immunofluorescence staining found that CD8 and LC3
double positive cells were significantly reduced after SP600125
treatment (Figure 3E). In order to verify whether the regulation
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of JNK on autophagy depended on the mTOR pathway, our
Western blot results showed that compared with the JNK
inhibitor SP600125 pretreatment group, the expression of mTOR
and phosphorylated mTOR (p-mTOR) in the non-pretreatment
group did not change significantly, indicating that JNK regulation
of autophagy is independent of mTOR pathway (Supplementary
Figure 3A, B). Taken together, these data indicate that blocking of
JNK signaling inhibits CD8" T cell autophagy during AR both in
vitro and in vivo.

Blocking of JNK attenuates AR injury by
promoting the apoptosis of CD87T cells
in rats

After confirming that JNK affects the autophagy of CD8" T
cells, the effect of JNK inhibition on AR injury was further explored.
Samples of blood and liver grafts from SP600125 pretreated
recipients were collected on POD3. As shown in Figure 4A and
Supplementary Figure 1F, histological analysis showed that
SP600125-treated recipients had less liver rejection damage
compared with untreated rats, as well as significantly fewer
infiltrated CD8" T cells, as measured by the number of CD8-
positive cells in the grafts stained by immunohistochemistry.
These changes were accompanied by an increase of liver enzymes
in serum and inflammatory cytokines in serum and liver grafts
(Figure 4B, Supplementary Figure 1E). The above results indicates
that JNK inhibition had a comprehensive protective effect on
the graft.

Our previous studies showed that inhibition of autophagy
undermines CD8" T cell proliferation, and then we further
investigated whether JNK inhibition was also related to the
proliferation level of CD8" T cells. Immunofluorescence staining
confirmed that SP600125 administration significantly reduced the
number of Ki-67-positive CD8" T cells infiltrating the graft
(Figure 4C). Additionally, given the closely link between JNK and
apoptosis, we further investigated whether JNK inhibition affect the
survival rate of CD8" T cells during AR. TUNEL staining showed
that the number of apoptotic infiltrating immune cells increased
significantly after the application of JNK inhibitor (Figure 4D). Flow
cytometry results further confirmed that JNK inhibitor
administration significantly increased the apoptosis rate of
peripheral blood CD8" T cells in allogenic rat recipients
(Figure 4E). In addition, Mitochondrial stability is essential for
cell survival. FACS analysis revealed that compared to untreated
rats, the treatment of JNK inhibitor also significantly increased the
level of mitochondrial ROS in peripheral blood CD8" T cells from
allogenic recipient rats (Supplementary Figure 2B). Moreover, the
functional evaluation of CD8" T cells showed that inhibition of JNK
significantly reduced the cytotoxicity of CD8" T cells by decreasing
the expression of CD107 and granzyme B (Supplementary Figure
2C, D). These results suggest that JNK inhibition promotes the
apoptosis of CD8" T cells during acute rejection and may be
achieved by disrupting mitochondrial stability by increasing ROS.
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Pro-survival effect of JNK on activated
T cells depends on activating autophagy

On the basis of the above findings, we further explored whether the
protective effect of JNK on CD8" T cells in acute rejection depends on
the activation of autophagy. Subsequently, Jurkat T cell lines were
transfected with JNK plasmid and siRNA to precisely regulate the
expression of JNK signaling, followed by costimulatory activation with
CD3/28. Endogenous knockdown of JNK significantly reduced the
elevation of co-stimulation induced autophagy activation, suggesting
the importance of JNK signaling in the regulation of autophagy during
T-cell activation (Figure 5A). In contrast, overexpression of JNK further
increased the autophagy level of CD3/28-stimulated cells compared
with the control group (Figure 5B). Furthermore, after transfection of
JNK plasmid, we treated Jurkat T cell line with autophagy inhibitor 3-
MA, and found that autophagy was fully inhibited, Ki-67 expression
was significantly reduced (Figure 5C). And inhibition of autophagy on
the basis of overexpression of JNK significantly increased the apoptosis
of Jurkat T cells (Figure 5D). Moreover, Mitochondrial stability is
essential for cell survival. FACS analysis revealed that compared to
untreated Jurkat T cells, the treatment of autophagy inhibitor also
significantly increased the level of mitochondrial ROS (Figure 5E).
These results suggest that the protective effect of JNK on activated T
cells was dependent on autophagy.

JNK may activate autophagy in CD8”
T cells by inhibiting the formation
of Bcl-2/BECN1 complex

Next, we investigated the underlying mechanism of JNK in
regulating the autophagy of CD8" T cells during AR. According to
the above results, we found that Beclinl was significantly up-regulated
in CD8" T cells from clinical rejection liver tissues and allogenic rat
grafts, while JNK inhibition significantly down-regulated Beclinl
expression. Beclinl is a key factor in the early induction of
autophagy, and JNK activation has been reported to promote
dissociation between Bcl-2 and BECNI, thereby upregulating
Beclinl. We hypothesized that activated JNK signaling may affect
CD8" T cell autophagy by regulating the formation of Bcl-2/BECN1
complex. To test this hypothesis, co-stimulation activated Jurkat cells
with or without SP600125 treatment were collected and used for
immunoprecipitation with antibodies against Bcl-2. When the
corresponding IP fraction was immunostained with anti-Bcl-2, a
single band of approximately 26kDa was observed, indicating that
Bcl-2 was successfully immunoprecipitated (Figures 6A, B). Western
blot analysis of the IP content revealed that BECN1 was co-
precipitated by Bcl-2 antibodies, implying a physical interaction
between Bcl-2 and BECN1. However, the binding affinity of BECN1
to Bcl-2 was significantly inhibited after costimulatory activation. In
contrast, SP600125 partially restored Bcl-2/BECN1 complex
formation under activation conditions (Figure 6C). Therefore, the
formation of Bcl-2/BECN1 complex may be an important step in the
activation of autophagy in T cells by JNK signaling pathway.
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FIGURE 4

Blocking of JNK attenuates AR injury by promoting the apoptosis of CD8™T cells in rats (A) Histopathology (H&E staining) and Immunohistochemical
staining of CD8 expression in rat AR model on POD3 with or without SP600125 treatment. The rejection activity index calculated by the Banff
scheme and quantification of CD8" T cells were quantified (n=9). (B) ALT and AST in serum in rat AR model on POD3 with or without SP600125
treatment (n=9). (C) Immunofluorescence staining of CD8 (green fluorescence) and Ki-67 (pink fluorescence) in the liver grafts from rat AR model
on POD3 at SP600125 treatment. Nuclei were counterstained with DAPI (blue) (n=9). (D) TUNEL (green) assisted detection of hepatic apoptosis in rat
AR model of homogenic and allogeneic rat at SP600125 treatment (n=9). (E) The percentage of apoptotic CD8" T cells isolated from rat AR model
on POD3 at SP600125 treatment was detected by flow cytometry (n=9). Each experiment was independently performed more than twice. **p <0.01
and ***p <0.001. AR, acute rejection; POD, postoperative day. SP600125, a specific INK inhibitor

JNK mediates acute rejection via activating rejection injury by regulating BECN1 in rat models, splenic derived
autophagy of CD8* T cells through CD8" T cells with BECN1 knockdown based on JNK
upregulating BECN1 overexpression were transfused into recipient rats the day before
transplantation, and specimens were obtained three days after

Based on the above experiment, JNK inhibition inhibits CD8" T surgery (Figure 7A). In line with the in vitro results, the infusion
cell autophagy in vitro by regulating BECN1, thereby promoting  of CD8" T cells overexpressing JNK aggravated liver transplant
apoptosis. In order to further clarify that JNK inhibition attenuates  rejection injury, while BENC1 knockdown reduced this effect
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FIGURE 5

Pro-survival effect of INK on activated T cells depends on activating autophagy (A) The protein levels of p-JNK, Beclin-1, LC3 and P62 in Jurkat T
cells following transfection by JNK-siRNA and activation by anti-CD3/28 mAbs at SP600125 treatment. (B) The protein levels of p-JINK, Beclin-1, LC3
and P62 in Jurkat T cells following transfection by JNK-overexpressing plasmid and activation by anti-CD3/28 mAbs at 3-MA treatment. (C) Flow
cytometric analysis of Ki-67 in Jurkat T cells following transfection by JNK-overexpressing plasmid and activation by anti-CD3/28 mAbs at 3-MA
treatment. Quantitative analysis of flow cytometric data was shown as in (C), right. (D) The percentage of apoptotic Jurkat T cells following
transfection by JNK-overexpressing plasmid and activation by anti-CD3/28 mAbs at 3-MA treatment. Quantitative analysis of flow cytometric data
was shown as in (D), right. (E) ROS staining by flow cytometry in Jurkat T cells following transfection by JNK-overexpressing plasmid and activation
by anti-CD3/28 mAbs at 3-MA treatment. Quantification of ROS-positive cells were quantified as in (E), right. Each experiment was independently
performed more than twice. *p <0.05, **p <0.01, and ***p <0.001. 3-MA, 3-methyladenine, a specific autophagy inhibitor

(Figures 7B, C). Flow cytometry analysis also showed that the
apoptosis level of CD8" T cells decreased after the infusion of
CD8" T cells with JNK overexpression, and significantly increased
after infusion of BECN1 knockdown lines on the basis of JNK
overexpression (Figure 7H, Supplementary Figure 3C). In view of
the interfering effect of the recipient rat’s own CD8" T cells, we used
anti-rat CD8 antibody to block the recipient rat’s own CD8" T cells
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3 days before liver transplantation (Figure 7D). Flow cytometry
analysis showed that the proportion of CD8'T cells in both
peripheral blood and liver tissue were at a low level before LT,
and remained at a low level for 3 days after LT (Figure 7E). After
blocking rats’ own CD8" T cells in advance, infusion of BECN1
knockdown lines on the basis of JNK overexpression significantly
reduced JNK-mediated transplantation rejection damage and
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JINK may activate autophagy in CD8" T cells by inhibiting the formation of Bcl-2/BECN1 complex (A) Total lysates from co-stimulation activated
Jurkat T cells were immunoprecipitated with anti-Bcl-2 antibody, or normal IgG or lysate buffer followed by immunoblotted with BECN1 and Bcl-2
antibodies respectively. The far-right line was immunoblotted for BECN1 and Bcl-2 protein in input proteins. (B) Total lysates from co-stimulation
activated Jurkat T cells were immunoprecipitated with anti-BECN1 antibody, or normal IgG or lysate buffer followed by immunoblotted with BECN1
and Bcl-2 antibodies respectively. The far-right line was immunoblotted for BECN1 and Bcl-2 protein in input proteins. (C) Immunoblots of lysates
from Jurkat T cells treated with SP600125 following the activation by anti-CD3/28 mAbs. The relative Beclin-1, Bcl-2, LC3 and P62 expression levels
in Jurkat T cells were detected by Western Blotting as in (C), right. Each experiment was independently performed more than twice. ***p <0.001; ns,

no significance, a specific INK inhibitor

increased the apoptosis level of CD8" T cells (Figures 7F-G, I,
Supplementary Figure 3D). These results further confirmed that
JNK signaling up-regulates BECN1-promoted autophagy mediated
AR after LT both in vivo and in vitro (Figure 8).

Discussion

Hepatic acute rejection after transplantation is an inflammatory
disease characterized by persistent lymphatic immune damage to
liver grafts. Potent immunosuppressive agents obviously but do not
completely reduce the incidence of acute rejection, and so far, the
pathogenesis of acute rejection has been not fully elucidated. Our
previous studies have shown that autophagy is critical for
maintaining the survival of activated CD8" T cells during acute
rejection, and inhibition of autophagy significantly attenuates
rejection by promoting CD8" T cell apoptosis (21-23). Here, we
further explored the mechanism of mediating autophagy of CD8" T
cells during acute rejection and found that JNK signaling is involved
in the activation of autophagy of CD8" T cells. Inhibition of JNK
signaling can attenuate rejection by inhibiting autophagy of CD8" T
cells and promoting their apoptosis. More importantly, we
preliminary revealed that JNK regulation of autophagy in T cells
may be mediated by up-regulation of BECN1 through inhibition of
Bcl-2/BECN1 complex formation.

T cell mediated rejection is the main form of acute rejection
after transplantation. Previous studies pointed that CD4™ T cells
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are the critical driver of graft rejection, which cause graft injury
directly through Fas-Fas ligand-mediated apoptosis, or indirectly
attract macrophages through producing inflammatory cytokines
and help activation of cytotoxic CD8" T cells (20, 22, 24). Recently,
the role of CD8" T cell in graft rejection has been paid more
attention due to its potent ability to directly kill graft parenchymal
cells and vascular endothelial cells. Su et al. (25) in the study of
mice heart transplantation model found the important role of
endogenous memory CD8" T cells in directly mediating allograft
injury and demonstrated that these T cells could directly trigger
graft failure in mice, and inhibition of endogenous memory CD8"
T cell graft infiltration attenuated this injury and prolonged graft
survival. Balam et al. (26) also demonstrated that depletion of
CD4" T cells in recipient mice did not prevent the progression of
cardiac rejection, and CD8" T cells are critical for mediating
chronic rejection. Similarly, in this study and in our previous
studies (9, 20), we found that the liver grafts of patients with
acute rejection were infiltrated with a large number of CD8" T cells.
And in the rat hepatic acute rejection model, CD8" T cells
gradually become the main immune cells with the progress of
rejection. In addition, reducing CD8" T cells by inhibition of
autophagy or JNK signaling can significantly attenuates rejection
damage after LT in rats. These data confirm the critical role of
CD8" T cells in acute rejection and highlight their importance as
potential targets in immunotolerance therapies.

JNK is a serine-threonine protein kinase belonging to the MAPK
family, which is involved in the regulation of cell proliferation,
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FIGURE 7

JINK mediates acute rejection via activating autophagy of CD8" T cells through upregulating BECN1 (A—C) Splenic derived CD8 T cells (2 x 106/
L) from LW rats pretreated with med, JNK overexpression or BECN1 knockdown after INK overexpression were transfused into BN recipient rats
on the day before transplantation. Specimens were obtained three days after surgery. (A) Scheme illustrating experimental set-up. (B) Analysis of
serum levels of ALT and AST between groups in rat AR model (n=9). (C) Histopathology (H&E staining) and Immunohistochemical staining of
CD8 expression in liver tissues of rats between groups in rat AR model. The rejection activity index calculated by the Banff scheme and
quantification of CD8" T cells were quantified (n=9). (D—G) Splenic derived CD8" T cells (2 x 10°/L) from LW rats with the same pretreatments
as above were transfused into BN recipient rats on the day before transplantation after anti rat CD8 antibodies administration 3 days before.

(D) Scheme illustrating experimental set-up. (E) Flow cytometric analysis of the percentage of CD4* and CD8" T cells in the rat recipients’
peripheral blood and liver tissue injected with anti-rat CD8 antibody during peri-liver transplantation. (F) Histopathology (H&E staining) and
Immunohistochemical staining of CD8 expression in liver tissues of rats between groups in rat AR model. The rejection activity index calculated
by the Banff scheme and quantification of CD8" T cells were quantified (n=9). (G) Analysis of serum levels of ALT and AST between groups in rat
AR model (n=9). (H, I) Percentage of apoptotic CD8" T cells isolated from rat injected with different plasmid CD8" T cells (n=9). Each
experiment was independently performed more than twice. *p <0.05, **p <0.01, and ***p <0.001; ns, no significance.; Allo-LT, allogenic

liver transplantation.
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differentiation and apoptosis. Several studies have shown that JNK is
involved in the activation and proliferation of T cells and is involved
in the rejection after transplantation. Under T cell receptor (TCR)/
CD28 costimulation, MAPK4/7 are activated, and activated MAPK4/
7 are further phosphorylated to activate JNK, thereby regulating cell
survival, differentiation and proliferation (16, 27, 28). Tabata et al.
(29) showed that JNK inhibitor SP600125 could effectively inhibit T
cell-mediated alloimmune response and thus prolong the survival
time of rat cardiac grafts. Chen et al. (17) found that JNK inhibition
significantly inhibited the mixed lymphocyte response and T
lymphocyte proliferation in vitro, as well as T cell-mediated
alloimmune response in vivo in a rat kidney transplantation model.
Consistently, in the present study, we found significant activation of
JNK in CD8" T cells in both LT patients and rats with acute rejection,
suggesting that JNK may be involved in acute rejection. Interestingly,
we also found a clear positive correlation between JNK
phosphorylation and autophagy activation. Given that our previous
studies have demonstrated the importance of autophagy for the
survival of activated CD8" T cells during acute rejection, we
hypothesized that JNK may participate in acute rejection by
activating autophagy of CD8" T cells. To test this mechanism, we
first used SP600125, a specific inhibitor that inhibits JNK signaling
activation both in vivo and in vitro. The results showed that SP600125
treatment significantly down-regulated the autophagy level of
activated Jurkat cells and CD8" T cells of acute rejection rats.
Besides, SP600125 treatment also reduced the proliferation level
and promoted apoptosis of CD8" T cells in recipient rats, thereby
improved graft rejection injury. Furthermore, activated Jurkat cells
were overexpressed JNK in vitro and treated with autophagy inhibitor
3-MA. We found that the protective effect of JNK activation on cell
survival was subside after autophagy inhibition, which preliminarily
confirmed that the effect of JNK inhibition on the number of CD8" T
cells was dependent on the reduction of the autophagy level of CD8"
T cells. To further investigate the effect of direct modulation of ITNK
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signaling in CD8" T cells on graft rejection in a rat model, we injected
CD8" T cells transfected with JNK plasmid overexpression into BN
rats through tail vein. The results showed that CD8" T cells
overexpressing JNK significantly increased the rejection injury after
liver transplantation.

The mechanism by which JNK regulates autophagy in activated
CD8" T cells during acute rejection was also explored in this study.
We found that Beclinl expression was significantly up-regulated in
both CD8" T cells from patients with acute rejection and allogeneic
recipient rats, and activated Jurkat cells. As one of the key factors in
the early activation of autophagy, Beclinl initiates autophagy by
recruiting autophagy/endosomal regulatory proteins such as PIK3C3,
UVRAG and ATG14 (30-32). As with Beclin-1, Bcl-2 contains BH
domains, which can affect the activity of BH3 by binding to Beclin-1
to form a complex. Increasing the Beclin-1/Bcl-2 complex leads to a
decrease in autophagy. Beclin-1 initiates autophagy when the Beclin-
1/Bcl-2 complex dissociates, whereas Bcl-2 inhibits apoptosis (33—
35). JNK is involved in the regulation of difterent pathways of
autophagy. JNK signal has been reported to promote the binding of
PIK3C3 to BECN1 by inhibiting BECN1 binding to Bcl-2 family
members, thereby activating the autophagy process (13). Ke et al. (36)
found that JNKI’s pro-osteoclast function was dependent on its
phosphorylation of the downstream signal Bcl-2, which further
inhibited Bcl-2’s interaction with Beclinland promoted the
autophagy process. Zhang et al. (37) found that autophagy prevents
monocyte apoptosis and also induces monocyte-macrophage
differentiation, which can be attributed to JNK-mediated Bcl2
phosphorylation and subsequent Beclinl/Bcl2 dissociation. Here,
we show that autophagy is associated with the Bcl-2/BECNI1
system in activated Jurkat cells in vitro. Costimulatory activation
upregulated BECN1 expression and increased the level of the free
form of BECN1 that had been dissociated from the Bcl-2/BECN1
complex. In contrast, JNK inhibitor SP600125 enhanced the
interaction between Bcl-2 and BECNI1. This suggests that the
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elevated expression of BECNI and its dissociation from Bcl-2 are
responsible for INK-mediated autophagy. Moreover, JNK inhibitor
(SP600125) significantly increased the levels of mitochondrial ROS
and apoptosis, indicating that Mitochondrial stability plays a crucial
role in the regulation of above process. In the rat model, CD8" T cells
transfected with plasmid were injected into the tail vein to observe the
effect of INK-mediated autophagy on liver transplantation injury.
The results showed that BECN1 knockdown of CD8" T cells could
significantly reduce JNK-mediated liver transplantation rejection
injury. These results suggest that JNK mediates acute rejection of
liver transplantation by up-regulating the dissociated BECN1 in Bcl-
2/BECN1 complex to promote autophagy.

There are undoubtedly some limitations to our study. Although
we confirmed in this study that inhibition of JNK can reduce acute
rejection after liver transplantation by down-regulating autophagy
of CD8" T cells and promoting their apoptosis, it is indisputable
that other cells such as CD4" T cells, DC cells, and innate immune
cells including neutrophils and macrophages can also play
important roles in rejection after transplantation. Whether JNK
can also influence rejection reaction by regulating the above-
mentioned immune cells remains to be determined. Besides, we
found that JNK up-regulates T cell autophagy by inhibiting BCL2-
BECN1 complex formation through in vitro T cell activation model,
but the activation of T cells induced by anti-CD3/CD28 is not
exactly equivalent to the activation state of T cells during
transplantation. The mechanisms by which JNK regulates CD8"
T cell autophagy during LT remains to be further elucidated. In
addition, we confirmed that inhibition of JNK at a given dose
concentration of inhibitor could alleviate liver transplantation
rejection in rat models, but the possible damage of JNK inhibitor
to hepatic parenchymal cells is noteworthy, and more studies are
needed to verify the safety and efficacy of JNK inhibitors before
clinical application. However, our study emphasizes the importance
of autophagy in acute rejection, and suggests that inhibition of JNK
signaling can be used as one of the means to target autophagy
regulation, thus providing a new strategy for the treatment of
graft rejection.
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SUPPLEMENTARY FIGURE 1

(A) The percentage of purified CD8" T cells. (B) The protein levels of INK, p-
JNK, Beclin-1, LC3 and P62 in CD8+ T cells of peripheral blood isolated from rat
recipients at different times after transplantation. (C) Immunohistochemical
staining of p-JNK and LC3 in biopsies with different grades of rejection after LT
(n = 8). (D) Serum levels of TNF-o and INF-y in rat recipients at different times
after transplantation (n = 9). (E) TNF-o and INF-y in serum in rat AR model on
POD3 with or without SP600125 treatment (n = 9). (F) Histopathology (H&E
staining) and Immunohistochemical staining of CD8 expression in rat AR model
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on POD3 with or without SP600125 treatment (n = 9). (G)
Immunohistochemical staining of p-JNK and LC3 in the liver grafts from rat
AR model at different times after transplantation (n = 9). (H) The protein levels of
p-JINK, Beclin-1, LC3 and P62 in CD8™" T cells from one-way MLR model treated
with or without SP600125. Each experiment was independently performed
more than twice. *P <0.05, ***P <0.001 and ****P <0.0001; ns, no significance;
AR, acute rejection; POD, postoperative day; SP600125, a specific INK inhibitor;
MLR, mixed lymphocyte reaction.

SUPPLEMENTARY FIGURE 2

(A) Flow cytometric analysis of p-JNK and LC3 expression in CD8" T cells
from one-way MLR model treated with or without SP600125. (B) ROS staining
by flow cytometry in CD8" T cells isolated from rat AR model on POD3 at
SP600125 treatment. (C) Representative flow cytometric profiles of CD107a
expression in CD8" T cells isolated from rat AR model on POD3 at SP600125
treatment. (D) Representative flow cytometric profiles of granzyme B
expression in CD8" T cells isolated from rat AR model on POD3 at
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more than twice. Allo-LT, allogenic liver transplantation.

18. Dai C, Zhou X, Wang L, Tan R, Wang W, Yang B, et al. Rocaglamide prolonged
allograft survival by inhibiting differentiation of th1/th17 cells in cardiac transplantation.
Oxid Med Cell Longev. (2022) 2022:2048095. doi: 10.1155/2022/2048095

19. Demetris AJ, Batts KP, Dhillon AP, Ferrell L, Fung J, Geller SA, et al. Banff
schema for grading liver allograft rejection: an international consensus document.
Hepatology. (1997) 25(3):658-63. doi: 10.1002/hep.510250328

20. Chen X, Zheng J, Cai J, Li H, Wang G. The cytoskeleton protein B-actin may
mediate T cell apoptosis during acute rejection reaction after liver transplantation in a
rat model. Am J Trans Res. (2017) 9(11):4888.

21. Hindson J. Testing regulatory T cells for liver transplantation tolerance. Nat Rev
Gastroenterol Hepatol. (2023) 20:3. doi: 10.1038/s41575-022-00720-9

22. Lim TY, Perpinan E, Londono MC, Miquel R, Ruiz P, Kurt AS, et al. Low dose
interleukin-2 selectively expands circulating regulatory T cells but fails to promote liver
allograft tolerance in humans. J Hepatol. (2023) 78(1):153-64. doi: 10.1016/
jjhep.2022.08.035

23. Tran LM, Macedo C, Zahorchak AF, Gu X, Elinoff B, Singhi AD, et al. Donor-
derived regulatory dendritic cell infusion modulates effector CD8(+) T cell and NK cell
responses after liver transplantation. Sci Transl Med. (2023) 15(717):eadf4287.
doi: 10.1126/scitranslmed.adf4287

24. Bolton EM, Gracie JA, Briggs JD, Kampinga J, Bradley JA. Cellular requirements
for renal allograft rejection in the athymic nude rat. ] Exp Med. (1989) 169:1931-46.
doi: 10.1084/jem.169.6.1931

25. Su CA, Iida S, Abe T, Fairchild RL. Endogenous memory CD8 T cells directly
mediate cardiac allograft rejection. Am J Transplant. (2014) 14:568-79. doi: 10.1111/
2it.12605

26. Balam S, Kesselring R, Eggenhofer E, Blaimer S, Evert K, Evert M, et al. Cross-
presentation of dead-cell-associated antigens by DNGR-1(+) dendritic cells contributes
to chronic allograft rejection in mice. Eur | Immunol. (2020) 50(12):2041-54.
doi: 10.1002/eji.201948501

27. Su B, Jacinto E, Hibi M, Kallunki T, Karin M, Ben-Neriah Y. JNK is involved in
signal integration during costimulation of T lymphocytes. Cell. (1994) 77:727-36.
doi: 10.1016/0092-8674(94)90056-6

28. Dong C, Yang DD, Tournier C, Whitmarsh AJ, Xu J, Davis RJ, et al. JNK is
required for effector T-cell function but not for T-cell activation. Nature. (2000) 405
(6782):91-4. doi: 10.1038/35011091

29. Tabata A, Morikawa M, Miyajima M, Bennett BL, Satoh Y, Huang J, et al.
Suppression of alloreactivity and allograft rejection by SP600125, a small molecule
inhibitor of c-Jun N-terminal kinase. Transplantation. (2007) 83(10):1358-64.
doi: 10.1097/01.tp.0000264196.23944.90

30. Menon MB, Dhamija S. Beclin 1 phosphorylation - at the center of autophagy
regulation. Front Cell Dev Biol. (2018) 6:137. doi: 10.3389/fcell.2018.00137

31. Wang Z, Yan M, Ye L, Zhou Q, Duan Y, Jiang H, et al. VHL suppresses
autophagy and tumor growth through PHD1-dependent Beclinl hydroxylation. EMBO
J. (2024). doi: 10.1038/s44318-024-00051-2

32. Naama M, Telpaz S, Awad A, Ben-Simon S, Harshuk-Shabso S, Modilevsky S,
et al. Autophagy controls mucus secretion from intestinal goblet cells by alleviating ER
stress. Cell Host Microbe. (2023) 31(3):433-446 e434. doi: 10.1016/j.chom.2023.01.006

33. Fernandez AF, Sebti S, Wei Y, Zou Z, Shi M, McMillan KL, et al. Disruption of
the beclin 1-BCL2 autophagy regulatory complex promotes longevity in mice. Nature.
(2018) 558(7708):136-40. doi: 10.1038/s41586-018-0162-7

frontiersin.org


https://doi.org/10.1016/j.cgh.2016.07.035
https://doi.org/10.1016/j.cgh.2016.07.035
https://doi.org/10.1182/blood.2021012431
https://doi.org/10.1016/s2468-1253(16)30208-4
https://doi.org/10.1002/hep.27538
https://doi.org/10.1002/lt.21443
https://doi.org/10.3389/fimmu.2020.02155
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.1126/scitranslmed.adi1572
https://doi.org/10.3389/fimmu.2019.01356
https://doi.org/10.1016/j.ceb.2007.02.001
https://doi.org/10.1002/advs.202206934
https://doi.org/10.3390/antiox12111922
https://doi.org/10.1042/bsr20140141
https://doi.org/10.1101/gad.1984311
https://doi.org/10.1093/jnci/djab128
https://doi.org/10.1038/ni.3665
https://doi.org/10.1007/s10753-011-9296-6
https://doi.org/10.1155/2022/2048095
https://doi.org/10.1002/hep.510250328
https://doi.org/10.1038/s41575-022-00720-9
https://doi.org/10.1016/j.jhep.2022.08.035
https://doi.org/10.1016/j.jhep.2022.08.035
https://doi.org/10.1126/scitranslmed.adf4287
https://doi.org/10.1084/jem.169.6.1931
https://doi.org/10.1111/ajt.12605
https://doi.org/10.1111/ajt.12605
https://doi.org/10.1002/eji.201948501
https://doi.org/10.1016/0092-8674(94)90056-6
https://doi.org/10.1038/35011091
https://doi.org/10.1097/01.tp.0000264196.23944.90
https://doi.org/10.3389/fcell.2018.00137
https://doi.org/10.1038/s44318-024-00051-2
https://doi.org/10.1016/j.chom.2023.01.006
https://doi.org/10.1038/s41586-018-0162-7
https://doi.org/10.3389/fimmu.2024.1359859
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

34. Luo S, Garcia-Arencibia M, Zhao R, Puri C, Toh PP, Sadiq O, et al. Bim inhibits
autophagy by recruiting Beclin 1 to microtubules. Mol Cell. (2012) 47(3):359-70.
doi: 10.1016/j.molcel.2012.05.040

35. Maejima Y, Kyoi S, Zhai P, Liu T, Li H, Ivessa A, et al. Mstl inhibits autophagy
by promoting the interaction between Beclinl and Bcl-2. Nat Med. (2013) 19(11):1478-
88. doi: 10.1038/nm.3322

Frontiers in Immunology

16

10.3389/fimmu.2024.1359859

36. Ke D, JiL, Wang Y, FuX, Chen ], WangF, et al. JNK1 regulates RANKL-induced
osteoclastogenesis via activation of a novel Bcl-2-Beclin1-autophagy pathway. FASEB J.
(2019) 33(10):11082-95. doi: 10.1096/j.201802597RR

37. Zhang Y, Morgan M]J, Chen K, Choksi S, Liu ZG. Induction of autophagy is
essential for monocyte-macrophage differentiation. Blood. (2012) 119:2895-905.
doi: 10.1182/blood-2011-08-372383

frontiersin.org


https://doi.org/10.1016/j.molcel.2012.05.040
https://doi.org/10.1038/nm.3322
https://doi.org/10.1096/fj.201802597RR
https://doi.org/10.1182/blood-2011-08-372383
https://doi.org/10.3389/fimmu.2024.1359859
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	JNK signaling mediates acute rejection via activating autophagy of CD8+ T cells after liver transplantation in rats
	Introduction
	Materials and methods
	Clinical liver samples and liver function tests
	Hepatic acute rejection model in rats
	Isolation of lymphocytes and cell culture
	Cell transfection and treatment
	Depletion of CD8+T cells by antibodies and CD8+ T cells intravenous injections
	Liver histological examination and immunohistochemical staining
	Immunofluorescence triple-labeling of CD8, p-JNK and LC3
	Western blotting and immunoprecipitation
	Flow cytometry analysis
	Transmission electron microscopy
	Statistical analysis

	Results
	JNK signaling is involved in autophagy of CD8+ T cells during AR in patients
	Activation of JNK positive correlates with the autophagy level of CD8+ T cells in rat AR model
	Blocking of JNK inhibits CD8+ T cell autophagy during AR
	Blocking of JNK attenuates AR injury by promoting the apoptosis of CD8+T cells in rats
	Pro-survival effect of JNK on activated T cells depends on activating autophagy
	JNK may activate autophagy in CD8+ T cells by inhibiting the formation of Bcl-2/BECN1 complex
	JNK mediates acute rejection via activating autophagy of CD8+ T cells through upregulating BECN1

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	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 /sRGB
  /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 false
  /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 false
  /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 false
  /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


