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Abstract

Background Primary biliary cholangitis (PBC) is a liver-specific autoimmune disease. Treatment of PBC with ursode-
oxycholic acid (UDCA) is not sufficient to prevent disease progression. Our previous study revealed that the number
of hepatic double-negative T cells (DNT), which are unique regulatory T cells, was reduced in PBC patients. However,
whether replenishment of DNT can prevent the progression of PBC remains unclear.

Methods DnTGF{RII (Tg) mice and 20A-BSA-immunized mice received DNT alone or in combination with oral UDCA.
After 6-12 weeks of treatment, these mice were assessed for serological changes, liver pathological manifestations
and intrahepatic immune responses.

Results Adoptive transfer of DNT alone significantly decreased serum levels of alanine transaminase (ALT), aspartate
transaminase (AST), antimitochondrial antibody M2 (AMA-M2) and immunoglobulin M (IgM) in both Tg and 20A-
BSA-immunized PBC mouse models. In addition, DNT exhibited a strong killing effect on liver T cells and strong
inhibition of their proliferation, but did not significantly improve the histology of PBC liver. However, combination
therapy with DNT and oral UDCA predominantly ameliorated liver inflammation and significantly inhibited hepatic T
and B cells. In vitro further study revealed that UDCA up-regulated the proliferation of DNT, increased the expression
of the functional molecule perforin, and reduced the expression of NKG2A and endothelial cell protein C receptor
(EPCR) through the farnesoid X receptor (FXR)/JNK signaling pathway in both mice and human DNT.

Conclusions A single transfer of DNT ameliorated PBC in mice, while combination therapy of DNT with oral UDCA
displayed a better efficacy, with stronger inhibition of hepatic T and B cells. This study highlights the potential applica-
tion of DNT-based combination therapy for PBC, especially for UDCA non-responders.
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Background

Primary biliary cholangitis (PBC) is a cholestatic liver
disease characterized by the presence of anti-mitochon-
drial antibodies (AMAs) in the serum and chronic non-
suppurative destructive cholangitis that affects mainly
the interlobular bile ducts. If left untreated, PBC ulti-
mately progresses to liver cirrhosis and related compli-
cations [1]. Ursodeoxycholic acid (UDCA) is the current
standard of care, but it is not always sufficient to pre-
vent disease progression. Indeed, approximately 40% of
patients respond poorly to UDCA and rapidly progress
to end-stage liver disease [2, 3]. Adding or switching to
obeticholic acid (OCA), fibrates, or even budesonide
may lead to additional biochemical improvements in
some patients. However, it is important to note that these
options may not be well tolerated due to significant pru-
ritus and are contraindicated in patients with advanced
cirrhosis [2, 3]. Therefore, novel therapies for PBC are
highly needed.
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TCRap® double-negative T cells (DNT) are a subset
of T cells with regulatory functions that do not express
CD4, CD8, or NK cell surface markers, but are defined
by T-cell receptor (TCR)ap® CD3*CD4 CD8 CD56~
(human) / NK1.1" (mice) [4]. They are a unique type of
regulatory T cells that do not express FoxP3 [5]. Cur-
rently, unlike CD4"CD25%Foxp3* Treg cells, there
are no unique markers for the identification of DNT.
CD4*CD25'Foxp3* Tregs regulate immune responses
through the secretion of inhibitory cytokines such as
IL-10 and TGEFp, whereas DNT primarily rely on per-
forin and granzyme B [6, 7]. We previously demonstrated
that DNT can inhibit CD11c¢" dendritic cell function and
mediate an antigen-specific protective role via the Lag3
molecule in allergic asthma [8]. Additionally, we reported
that DNT prevent the development of nonalcoholic stea-
tohepatitis (NASH) by the selective inhibition of intrahe-
patic Th17 cells and M1 macrophages [9].



Zhang et al. BMC Medicine (2025) 23:209

Our previous research demonstrated a significant
reduction in both the absolute number and proportion of
hepatic DNT in PBC patients [10]. Moreover, DNT from
PBC patients exhibited diminished immunosuppressive
capacity against autologous pro-inflammatory CD4" and
CD8™" T cells compared to DNT from healthy individuals.
Importantly, the frequency of these DNT was inversely
correlated with disease severity. In patients treated with
UDCA, we observed a significant increase in the propor-
tion of DNT in responders compared to non-responders.
These findings raised the critical question of whether
replenishing DNT could represent a therapeutic strategy
to prevent or ameliorate PBC progression.

Therefore, in the present study, we explored the thera-
peutic role of the adoptive transfer of DNT in dnTGFBRII
mice and 20A-BSA-induced PBC mice and then exam-
ined the changes in the immunological microenviron-
ment of the liver. Furthermore, we explored combination
therapy with DNT and UDCA to verify their potential
therapeutic effects in PBC mouse models.

Methods
Animal models of PBC
dnTGEPRII mice (B6. Cg-Tg(Cd4-TGFBR2)16Flv/],

Strain#: 005551) were purchased from The Jackson
Laboratory (Bar Harbor, Maine, USA). C57BL/6 wild-
type (WT) and C57BL/6-CD45.1 (CD45.1) mice were
purchased from Beijing Vital River Laboratory (Beijing,
China). C57BL/6JSmoc-Nr1h4¥™5m¢ (Fxr™~, Strain#:
NM-KO-190328) mice were purchased from Shanghai
Model Organisms (Shanghai, China). Male dnTGFBRII
mice were bred with female congenic C57BL/6 mice at
the animal facilities of Beijing Friendship Hospital (Bei-
jing, China). Four-week-old mice were genotyped by pol-
ymerase chain reaction (PCR). These mice were housed
in a specific pathogen-free environment with tempera-
ture control and free access to food and water. Female,
age-matched (6-30 weeks old) littermate dnTGFPRII
mice were used in this study. The ARRIVE guidelines
were followed (Additional file 1).

20A coupled with BSA (20A-BSA, Cat#: 4610039-02)
was purchased from Beijing Hapten and Protein Biomed-
ical Institute. In accordance with previous methods, 100
pg of the 20A-BSA conjugate dissolved in 50 pl of PBS
(Cat#: D3922, Invitrogen, USA) was emulsified with 50 pl
of complete Freund’s adjuvant (CFA, containing 1 mg/mL
Mycobacterium tuberculosis strain H37RA, Cat#: F5881,
Sigma-Aldrich, USA). The emulsion was subsequently
injected intraperitoneally (I.P.) into 6-8-week-old female
C57BL/6 mice, and 100 ng of pertussis toxin (Cat#: 180,
List Biological Laboratories, Campbell, CA) dissolved in
100 ul of PBS was also injected L.P. into these mice. Two
days later, these mice were injected L.P. with 100 ng of
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pertussis toxin for a second time. After 2 weeks, these
mice were re-immunized with 100 pg of 20A-BSA in 50
ul of PBS emulsified with 50 pl of incomplete Freund’s
adjuvant (IFA, Cat#: F5506, Sigma-Aldrich, USA) admin-
istered intraperitoneally.

Treatment protocols
The generation of DNT ex vivo was performed as
previously described [5]. Briefly, mature dendritic
cells (mDCs) were obtained from lipopolysaccharide
(Cat#: L2880, Sigma-Aldrich, USA)-stimulated bone
marrow cells of C57BL/6] mice and isolated using CD86-
positive (Cat#: 105008, Biolegend, USA) magnetic bead
separation (Cat#: 130-048-801, Miltenyi Biotec, Ger-
many). CD4"CD25™ T cells were isolated from the spleen
and lymph nodes of female W'T, CD45.1, or Fxr~/~ mice
and purified through T-cell enrichment (Cat#: MTCC-25,
BD Biosciences, USA), followed by magnetic bead-based
Ter119/TCRy8/CD11b/NK1.1/CD8/CD25/B220-neg-
ative separation (Cat#: 130-048-801, Miltenyi Biotec,
Germany). Then, these purified CD4" T cells were cocul-
tured with the above mDCs for 7 days, supplemented
with 50 ng/ml rmIL-2 (Cat#: 212-12-1MG, PeproTech,
USA). Finally, CD3"NK1.1"TCRB*CD4 CD8~ cells were
harvested from the mixed cells described above using a
FACS Aria II sorter (Cat#: 643177, BD Biosciences, USA).
dnTGEFPRII (Tg) mice were randomly divided into
the following groups using a random number table: an
untreated group (Tg); a single DNT treatment group
(Tg+DNT), which received a single adoptive transfer
of 2-3x10° DNT (purity >97%) via tail vein injection; a
UDCA treatment group (Tg+UDCA), which received
15 mg/kg/day of UDCA (Cat#: U5127, Sigma-Aldrich,
USA) administered intragastrically following the meth-
ods of a previous study [11]; and a combination therapy
group (Tg+DNT+UDCA), which received both DNT
and UDCA treatments. Similarly, 20A-BSA-immunized
mice (6 weeks after the 2nd 20A-BSA injection) were
also randomly divided into the following groups: an
untreated group (Untreated); a single DNT treatment
group (DNT), which received a single adoptive transfer
of 2-3x10%° DNT (purity>97%) via tail vein injection
(DNT); a UDCA treatment group, which received 15 mg/
kg/day of UDCA administered intragastrically (UDCA);
and combination therapy groups (DNT +UDCA), which
received both DNT and UDCA treatments. The corre-
sponding author remained aware of the group allocations
at all stages of the experiment. All of the mice were sac-
rificed at either 6-12 weeks posttreatment, and plasma,
liver and colon tissue were harvested. Paraffin-embed-
ded sections of liver and colon tissue were prepared for
hematoxylin and eosin (H&E) and Sirius red staining.
The severity of liver inflammation, bile duct damage,
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and colitis was evaluated histologically as previously
described [12-14]. Hepatic nonparenchymal cell infiltra-
tion was quantified by flow cytometry, as described in the
following section. Plasma levels of alanine transaminase
(ALT), aspartate transaminase (AST), anti-mitochondrial
antibody M2 (AMA-M2), immunoglobulin M (IgM), and
alkaline phosphatase (ALP) were measured according to
the manufacturer’s instructions.

DNT functional assays

CD45.1-positive B cells were isolated from the spleens
of CD45.1 mice using magnetic bead-based CD19-pos-
itive separation (Cat#: 152408, Biolegend, USA). T cells
isolated from the spleens of CD45.1 mice were puri-
fied through T-cell enrichment (Cat#: MTCC-25, BD
Biosciences, USA). Then, DNT were incubated with
these CD19" B cells and anti-mouse CD40 (5 pg/ml,
Cat#: 102811, Biolegend, USA) or cocultured with these
isolated T cells and mDCs for 5 days. The apoptosis of
B cells or CD4" and CD8' T cells was determined via
Annexin V (Cat#: 640945, BioLegend, USA) staining on
the 3rd day. The proliferation of CD4" and CD8" T cells
was detected via a 5-(and 6)-carboxyfluorescein diac-
etate succinimidyl ester kit (CFSE, Cat#: 423801, Biole-
gend, USA) on the 5th day. The level of IgM produced by
CD45.1-positive B cells in the culture supernatants was
measured using an enzyme-linked immunosorbent assay
kit (Cat#: CMEO0060, 4A Biotech, China) according to the
manufacturer’s instructions.

To verify the role of FXR on DNT, DNT (either WT or
Fxr~'~) were pretreated with dimethyl sulfoxide (DMSO,
60 uM, as a control), UDCA (60 uM), OCA (0.5 uM),
z-guggulsterone (GGS, 5 pM), a combination of UDCA
(60 uM) and OCA (0.5 pM), or a combination of GGS
(5 uM) and UDCA (60 uM) for 48 h. These cells were
subsequently cocultured with CD45.1-positive T cells or
B cells for an additional 3 days. Afterward, the apoptosis
of CD4™ T cells, CD8" T cells, and B cells was detected
via flow cytometry.

EdU staining protocol

Purified DNT (2 x 10° cells/well) were cultured in 96-well
flat-bottom plates pre-coated with 5 pg/mL anti-mouse
CD3 antibody (Biolegend, USA). Cells were maintained
in 200 pL of complete medium (CM) supplemented
with 2 pg/mL anti-mouse CD28 antibody (Biolegend,
USA) and either DMSO (vehicle control), UDCA, OCA,
GGS, withaferin A (WA), or JNK inhibitor XVI (JNK-
INS8). After 48 h of incubation, and 12 h before harvest,
5-ethynyl-2’-deoxyuridine (EdU) was added to the cul-
tures (final concentration of 50 pM). Subsequently, cells
were harvested and fixed with 4% formaldehyde (100
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uL/well) for 15 min at room temperature (RT), followed
by two washes. Cells were then permeabilized with
0.1% Triton X-100 (100 pL/well) for 15 min at RT and
washed twice. The EdU click reaction was performed
by incubating the cells with 200 pL of staining solution
(Cat#: C10310-2, RiboBio, China) for 30 min at RT in the
dark. Finally, cells were washed and resuspended in PBS
for analysis.

Flow cytometry analysis

The cells were harvested, and the expression of various
cell surface markers was analyzed by flow cytometry. All
surface markers were directly stained for 20-30 min at 4
°C. For intracellular staining, the cells were first fixed with
Intracellular Fixation Buffer (Cat#: 420801, Biolegend,
USA) for 40 min at 4 °C. Next, the cells were permeabi-
lized with Permeabilization Buffer (Cat#: 421002, Bioleg-
end, USA). Finally, the cells were stained with specifically
against granzyme B (Cat#: 372208, Biolegend, USA),
perforin (Cat#: 308106, Biolegend, USA), and phosphor
c-Jun N-terminal kinase (p-JNK, Cat#: ab124956, Abcam,
USA) for a minimum of 40 min at 4 °C. The secondary
antibody used was goat anti-rabbit IgG (Cat#: ab150077,
Abcam, USA), incubated with the samples for 30 min at
4°C.

For nuclear staining, the cells were fixed and per-
meabilized using a Transcription Factor Staining kit
(Cat#: 00-5523-00, Invitrogen' , USA). Subsequently,
nuclear antibodies, the cells were stained with nuclear
antibodies, including anti-FXR (Cat#: ab129089, Abcam,
USA) and anti-Ki67 (Cat#: 652406, Biolegend, USA),
for at least 40 min at 4 °C. Rabbit monoclonal IgG
(Cat#: ab172730, Abcam, USA) was used as an isotype
control for p-JNK and FXR. All samples were acquired on
an Aria II flow cytometer (BD Biosciences), and the data
were analyzed using FlowJo software v10 (Treestar, USA).

Liver histological examination
The severity of liver inflammation and bile duct dam-
age was evaluated by one pathologist in a blinded man-
ner as previously described [12, 13]. The degree of
portal inflammation was scored based on the most severe
lesions as follows: 0, no change; 1, minimal inflammation;
2, mild inflammation; 3, moderate inflammation; and 4,
severe inflammation. In addition, the bile duct damage
score was evaluated for the most severe lesions as fol-
lows: 0, no change; 1, epithelial damage (only cytoplas-
mic changes); 2, epithelial damage with cytoplasmic and
nuclear changes; 3, nonsuppurative destructive cholangi-
tis; and 4, bile duct loss.

The positive area of Sirius red staining was calculated
using Image] software (NIH, USA).
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Real-time PCR

Total RNA was extracted from the liver tissue and cells
using TRIzol reagent (Cat#: T9424, Sigma-Aldrich, USA)
in accordance with the manufacturer’s protocol and
reverse transcribed to cDNA using a Prime Script® RT
reagent kit (Cat#: RR036A, Takara, Japan). Quantitative
real-time PCR analysis was performed using an ABI 7500
Sequence Detection System (Applied Biosystems, USA)
and SYBR Green Master Mix (Cat#: A25742, Applied
Biosystems, CA, USA) in accordance with the manufac-
turer’s instructions. Gene expression was normalized
against the expression of the housekeeping gene Gapdh.
The sequences of the primers used in this study are listed
in Additional file 2: Table S1.

Transcriptome sequencing and biological function analysis
WT and Fxr~'~ DNT were stimulated with anti-mouse
CD3 (Cat#: 100256, Biolegend, USA) and anti-mouse
CD28 (Cat#: 117003, Biolegend, USA) antibodies, with or
without UDCA (60 pM), for 48 h. Total RNA was sub-
sequently extracted using TRIzol reagent. Transcriptome
sequencing libraries were generated using the NEBNext®
Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA)
according to the manufacturer’s recommendations and
sequenced using an Illumina HiSeq platform (Illumina,
CA).

All data and materials supporting the findings of this
manuscript are presented in the paper and/or the sup-
plemental information. The mRNA sequencing data
reported in this work have been uploaded to the National
Center for Biotechnology Information (NCBI) Gene
Expression Omnibus (GEO) database under accession
numbers GSE167116 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE167116) and GSE215278
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE215278). The analyzed data sets generated during
the study are available from the corresponding author on
reasonable request.

Human DNT study

Peripheral blood was obtained from healthy volunteers,
and DNT were enriched using the Double-negative
T-Cell Isolation Kit (Cat#: 130-092-614, Miltenyi Bio-
tec, Germany). Then, these cells were cultured in X-vivo
medium supplemented with an anti-human CD3 anti-
body (2 pg/mL, Cat#: 317348, BioLegend, USA) and
50 ng/mL recombinant human interleukin 2 (rhIL-2,
Cat#: 200-02, Peprotech, China). On day 21, the cells
were harvested and counted, and their viability, com-
position, and purity were assessed via flow cytometry
(purity >95%). These DNT were subsequently cultured
with DMSO or UDCA for 48 h.
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Statistical analysis

Statistical analyses were performed using GraphPad
Prism software (version 9.0, San Diego, California, USA).
Initially, all experimental data were tested using the Sha-
piro—Wilk test to assess normality. The values are pre-
sented as the mean+SD for normally distributed data,
while the median and IQR are used to represent nonnor-
mally distributed data. Differences between two groups
were evaluated using Student’s t test for normally distrib-
uted variables and the Mann-Whitney U test for nonnor-
mally distributed variables. Multiple comparisons were
analyzed using one-way ANOVA followed by Bonferroni
post hoc test for normally distributed variables and the
Kruskal-Wallis test for nonnormally distributed vari-
ables (SPSS 23). Based on preliminary experiments, for
the in vivo experiment, a sample size of n=6 per group
was determined to be sufficient to detect an effect size
of 0.775 with a significance level (a) of 0.05 and a statis-
tical power of 0.8 (1-f). The total number of mice used
was 24 and there were no exclusions in each experiment.
While for the in vitro experiment, each group comprises
4-6 samples. Furthermore, to ensure reliability, all experi-
ments were repeated 2-3 times. For all analyses, a value
of P<0.05 was considered to indicate a significant differ-
ence; *P<0.05; **P<0.01; NS, indicates no significance.

Results

Adoptive transfer of DNT, especially DNT combined

with oral UDCA, improved pathological changes in PBC
mice

As shown in Fig. 1A, adoptively transferred CD45.1*
DNT primarily localized to the liver and draining lymph
nodes, with minimal presence in the spleen or inguinal
lymph nodes. Following 6-8 weeks of treatment, both
the proportion of total DNT within the CD3% popula-
tion and the proportion of CD45.1" DNT increased sig-
nificantly in the liver (Fig. 1B). The absolute number of
adoptively transferred DNT also increased significantly
in the liver (Fig. 1B). Cxcl9, Cxcl10 and Cxcl11 were sig-
nificantly upregulated in the livers of dnTGFBRII mice
(Fig. 1C). Compared with untreated mice, ALT and
AST levels were significantly reduced in mice treated
with DNT alone (Fig. 1D). Similarly, DNT treatment
significantly decreased the levels of AMA-M2 and IgM
(Fig. 1E). Additionally, DNT combined with UDCA fur-
ther decreased the levels of ALT, AST, AMA-M2 and
IgM (Fig. 1D, E).

In contrast, neither DNT therapy alone nor UDCA
treatment alone significantly improved the liver his-
tology of PBC mice, whereas DNT therapy combined
with UDCA significantly improved portal inflamma-
tion (p=0.015) and bile duct damage (p=0.002, Fig. 1F,
G). Compared with DNT therapy alone and UDCA
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Fig. 1 Single DNT treatment alone or in combination with UDCA improved PBC. A Distribution of infused DNT in vivo. B (Left) Proportion of total
intrahepatic DNT within the CD3* cell population. (Middle) Proportion of CD45.1* DNT relative to the CD3* cell population. (Right) Quantitation
of the number of infused DNT in the liver. C Relative mRNA levels of chemokines, including Cxcl9, Cxcl10 and Cxcl11, in liver tissue. D, E Plasma

ALT, AST, AMA-M2 and IgM levels. F Representative H&E (Hematoxylin & eosin) and Sirius red staining of liver paraffin sections. G Quantification

of portal inflammation and bile duct damage in liver histology. H Quantification of the positive area of Sirius red staining in liver histology. I Relative
mRNA expression levels associated with inflammation. n=6 in each group. Statistical analysis for G (Right) was performed using the Kruskal-Wallis
multiple comparisons test. Multiple comparisons were analyzed using one-way ANOVA followed by Bonferroni post hoc correction for normally
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treatment alone, combination therapy significantly As shown in Fig. 1I, DNT therapy dramatically
decreased the positive area of Sirius red staining in  decreased liver tissue interferon-gamma (Ifng), interleu-
dnTGFBRII mice (p=0.022, p=0.039, Fig. 1F and H). kin 1beta (Il1b), monocyte chemoattractant protein-1
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flow cytometry images and statistical analysis of Annexin V* percentages in intrahepatic CD4* and CD8* T cells. D Representative flow cytometry
images of Ki67* liver CD4" and CD8" T cells. E Statistical analysis of Ki67* percentages in intrahepatic CD4* and CD8* T cells. F Statistical analysis
of Annexin V* liver CD19" B and CD19*CD138" plasma cells, as determined by flow cytometry. G Statistical analysis of Ki67* intrahepatic CD19* B
and CD197CD138" plasma cells, as determined by flow cytometry. n=6 in each group. Multiple comparisons were analyzed by one-way ANOVA
followed by Bonferroni post hoc correction. *P < 0.05; **P<0.01.Tg, dnTGF{RII mice; UDCA, ursodeoxycholic acid

(Mcpl) and interleukin 17a (I117a) mRNA expression. In
contrast, combination therapy not only reduced the lev-
els of these proinflammatory cytokines but also further
decreased Ifng mRNA expression. Similarly, combina-
tion therapy with DNT and UDCA improved protection
against 20A-BSA-immunized PBC (Additional file 3:
Fig. S1). These results suggest that the transfer of DNT
alone partly prevented the development of PBC, while
combination therapy with UDCA significantly improved
the histology, including liver fibrosis, in both dnTGFBRII
mice and 20A-BSA-induced PBC mice.

To evaluate the long-term therapeutic effects of com-
bined DNT and UDCA treatment, dnTGEFBRII mice
were treated for 12 weeks. The combination therapy sig-
nificantly improved plasma biomarkers of liver injury
(ALT, AST, AMA-M2, and IgM), reduced portal inflam-
mation and bile duct damage, and these improvements
were sustained throughout the 12-week treatment period

(Additional file 3: Fig. S2A-D). Hepatic fibrosis, assessed
by Sirius red staining, was also significantly reduced
in mice receiving the combination therapy (p=0.011,
Additional file 3: Fig. S2C and S2E). Furthermore, as the
dnTGFBRII mice used in this study also exhibited colitis,
we assessed the impact of treatment on colon histology.
DNT therapy alone significantly improved colon histol-
ogy after 6-8 weeks (p=0.043), as evidenced by reduced
inflammatory cell infiltration, decreased epithelial hyper-
plasia, and restoration of goblet cells (Additional file 3:
Fig. S2F, G).

DNT in combination with UDCA inhibited lymphocyte
proliferation and promoted lymphocyte apoptosis in vivo
In accordance with the gating strategy shown in Addi-
tional file 3: Fig. S3, we analyzed the subsets of lym-
phocytes by flow cytometry. As shown in Fig. 2A,
DNT in combination with oral UDCA, but not UDCA
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Fig. 3 UDCA augmented the immunosuppressive effect of DNT on T and B cells. Statistical analysis of Annexin V* (A) and EdU* DNT (B) cocultured
with different concentrations of UDCA, as determined by flow cytometry (n=5). Enriched GO (C) and KEGG (D) pathway analyses were performed
on the significantly up- and downregulated genes in DNT. E Heatmap showing the up- and downregulated genes related to the regulation

of leukocyte proliferation. F Heatmap showing the upregulated genes related to leukocyte-mediated cytotoxicity. G CD45.1-positive T cells were
cocultured with control DNT or UDCA-stimulated DNT at a 4:1 ratio for 3 days in vitro. The apoptosis of CD4* T cells and CD8* T cells was detected
by flow cytometry (n=4). H Proliferation of CD4" and CD8" T cells, as determined by flow cytometry. I CD45.1-positive CD19* B cells were
cocultured with control DNT or UDCA-stimulated DNT at a 4:1 ratio for 3 days in vitro. Apoptosis of CD19* B cells was detected by flow cytometry
(n=4). ) The concentration of IgM in the supernatant of B cell cultures at 5 days (n=4). K Representative flow cytometry images and statistical
analysis of NKG2A* DNT. L Relative levels of function-associated genes in DNT analyzed by quantitative real-time PCR. Experiments were repeated
2-3 times. Two-group comparisons were made via Student’s t test, and multiple comparisons were analyzed by one-way ANOVA followed

by Bonferroni post hoc correction. *P<0.05; **P <0.01; NS, not significant. Fasl, fas ligand; Gzmb, granzyme B; Infg, interferon-gamma; NKG2A,

also known as kirc1, killer cell lectin like receptor C1; Prf1, perforin 1; UDCA, ursodeoxycholic acid

monotherapy or DNT therapy alone, significantly

reduced CD45-positive cell infiltration into the liver.
Combination therapy with DNT and UDCA reduced

CD44 expression on CD4% T cells and CD8" T cells

(Fig. 2B). Moreover, all of the treatments induced the
apoptosis of CD4" T and CD8" T cells, whereas combi-
nation therapy further increased the apoptosis of CD8* T
cells (Fig. 2C). Similarly, the proliferation of CD4" T cells
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and CD8" T cells was significantly inhibited in all treat-
ment groups, with the lowest proliferation rate observed
in the combination therapy group (Fig. 2D and E).

In addition, we found that adoptive transfer of
DNT had a strong killing effect on CD19" B cells and
CD19*CD138" plasma cells (Fig. 2F and G), while com-
bination therapy further inhibited the proliferation of
B and plasma cells (Fig. 2F and G). These results sug-
gested that the improvement in PBC caused by DNT
treatment alone or in combination with UDCA may be
due to the extensive inhibitory effects on liver-infiltrated
lymphocytes.

UDCA augmented the immunosuppressive function

of DNT

To further study the effects of UDCA on DNT, we stimu-
lated DNT with or without UDCA for 48 h in vitro. As
shown in Fig. 3A and B, UDCA concentrations ranging
from 15 to 60 pM did not prominently drive DNT apop-
tosis, but distinctly promoted their proliferation. There-
fore, we used 60 pM UDCA to further investigate its
effects on DNT.

To further explore whether UDCA regulates the biolog-
ical function of DNT, we analyzed the transcriptome data
of DNT with or without UDCA stimulation. A total of
386 differentially expressed genes (DEGs) for GSE167116
were ultimately identified with an absolute log2FC>0.38
and a P value<0.05, and a volcano map of the DEGs is
shown in Additional file 3: Fig. S4A. Gene Ontology (GO)
categories (biological processes) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analyses revealed that the DEGs were involved mainly in
T-cell-mediated immunity, regulation of cytokine pro-
duction involved in the immune response, negative regu-
lation of the adaptive immune response, C-C chemokine
receptor activity, cytokine-cytokine receptor interaction
and allograft rejection (Fig. 3C and D), which suggested
that UDCA has extensive impacts on the biological func-
tions of DNT.

As shown in Fig. 3E, compared with control DNT,
DNT stimulated with UDCA exhibited upregulated
expression of proliferation-promoting genes (Corola,
Carmil2, Zap70, Cd244, Ptprc, and Card11) and down-
regulated expression of antiproliferation genes (Btla
and Casp3). More importantly, UDCA-stimulated DN'T
exhibited upregulation of genes involved in leukocyte-
mediated cytotoxicity (Prfl, Lag3, Gzmd, Eomes and
Fasl) (Fig. 3F). Consistently, we further confirmed these
changes in related genes by real-time PCR (Additional
file 3: Fig. S4B). These RNA sequencing data indi-
cate that UDCA is involved in the anti-inflammatory
response of DNT by promoting their proliferation and
increasing their functional molecular expression.
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We then verified the immunosuppressive effects
of UDCA-stimulated DNT on T and B cells in vitro.
CD4" T cells and CD8" T cells cocultured with DNT
had increased apoptosis and decreased proliferation
(Fig. 3G, H). Moreover, coculture with UDCA-stim-
ulated DNT further increased apoptosis and strongly
inhibited the proliferation of CD4™ T cells and CD8" T
cells (Fig. 3G, H). Similarly, B-cell apoptosis increased
when B cells were cocultured with DNT, and the per-
centage of apoptotic B cells was further elevated in the
UDCA-stimulated DNT coculture group (Fig. 3I). The
level of IgM in the supernatant also decreased in the
DNT group and was further reduced in the UDCA-
stimulated DNT coculture group (Fig. 3]), indicating an
enhanced inhibitory effect of UDCA-stimulated DNT
on B cells.

As shown in Fig. 3K, UDCA markedly reduced the
expression of NKG2A, an inhibitory molecule of DNT.
Furthermore, UDCA also upregulated the mRNA
expression of Prf1 and Fasl, the key functional molecules
of DNT (Fig. 3L). These results further indicated that
UDCA could augment the suppressive effects of DNT
on homologous cells via promotion of DNT proliferation
and regulation of their functional molecule expression.

UDCA regulates the proliferation and function of DNT via
FXR

To further verify the effect of UDCA on DNT, we
detected several bile acid receptors expressed by DNT.
As shown in Fig. 4A, only farnesoid X-activated receptor
(Exr) was significantly increased when DNT were stimu-
lated with UDCA, suggesting that UDCA may regulate
the function of DNT through FXR.

To further verify whether UDCA enhances the bio-
logical function of DNT via FXR, we utilized the FXR
agonist obeticholic acid (OCA) and the FXR antagonist
z-guggulsterone (GGS) to stimulate DNT. As depicted in
Fig. 4B, exposure to UDCA increased the proliferation
of DNT, which is consistent with the previous results.
As anticipated, OCA also augmented the proliferation of
DNT (Fig. 4B). Furthermore, the expression of NKG2A
in DNT was notably reduced in the OCA group, consist-
ent with the effect of UDCA on DNT (Fig. 4B). Similarly,
the combination of UDCA and OCA promoted DNT
proliferation and decreased the expression of the inhibi-
tory receptor NKG2A (Fig. 4B). Additionally, DNT were
pretreated with DMSO, UDCA, OCA, or UDCA+OCA
for 3 days and then cocultured with CD45.1" T cells for
another 3 days. As shown in Fig. 4C, both UDCA and
OCA enhanced DNT-mediated lysis of CD4" T cells
and CD8™ T cells, with similar outcomes observed in the
UDCA +OCA group (Fig. 4C). These results indicated
UDCA has effects on DNT, possibly relying on FXR.
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Fig. 4 UDCA regulated the proliferation and function of DNT via FXR. DNT were stimulated with DMSO (60 uM), UDCA (60 uM), OCA (0.5 uM), UDCA
(60 uM) +OCA (0.5 uM), GGS (5 uM) or GGS (5 uM) +UDCA (60 uM) for 48 h. Then, we detected the proliferation and NKG2A expression of the DNT.
In addition, we cocultured these stimulated DNT with CD45.1-positive T cells or B cells for another 3 days. A Relative levels of Fxr, Pxr, Vdr and Tgr5
mRNAs in DNT, as analyzed by quantitative real-time PCR. B Statistical analysis of EdU* and NKG2A* cells relative to total DNT, as determined by flow
cytometry (n=5). C Apoptosis of CD4* and CD8* T cells was detected by flow cytometry (n=5). D Statistical analysis of EdU * and NKG2A* cells
relative to the total DNT. E The apoptosis of CD4* and CD8* T cells was detected by flow cytometry (n=5). F Statistical analysis of Annexin V* B cells
in each group (n=5). G Statistical analysis of EdU* cells relative to the total number of WT DNT and Fxr~~ DNT, as determined by flow cytometry
(Left, n=4). Relative changes in the presence or absence of UDCA in WT DNT compared with Fxr”/~ DNT (Right). H Statistical analysis of NKG2A*

WT DNT and Fxr”~ DNT, as determined by flow cytometry (Left, n=4). Relative changes in NKG2A in the presence or absence of UDCA in WT DNT
compared with Fxr”~ DNT (Right). I Apoptosis of CD4" and CD8* T cells was detected via flow cytometry (n=4). Experiments were repeated three
times. Differences between two groups were analyzed via Student’s t test, and multiple comparisons were analyzed by one-way ANOVA followed
by Bonferroni post hoc correction. *P<0.05; **P <0.01; NS, not significant. Fxr, farnesoid X receptor; Fxr™'~, Fxr knockout; NKG2A, also known as kirc1,
killer cell lectin like receptor C1; OCA, obeticholic acid; Pxr, pregnane X receptor; TNF-g, tumor necrosis factor alpha; Tgr5, g-protein coupled
receptor 5; UDCA, ursodeoxycholic acid; Vdr, vitamin D receptor; GGS, z-guggulsterone

(See figure on next page.)

Fig. 5 UDCA regulated the proliferation and EPCR expression of DNT via the FXR/JNK pathway. WT and Fxr/~ DNT were stimulated with anti-mouse
CD3/CD28 antibodies with or without 60 pM UDCA for 48h. A A total of 593 DEGs were identified between control WT DNT and UDCA-stimulated
WT DNT. A total of 7402 non-DEGs were identified between control Fxr”~ DNT and UDCA-stimulated Fxr/~ DNT. Moreover, 907 DEGs were
identified between WT DNT and Fxr/~ DNT stimulated with UDCA. A Venn diagram revealed that these three datasets shared 22 genes. B Enriched
GO pathway analyses were performed based on these 22 genes. C The FPKM level in DNT detected by RNA-seq. D Representative flow cytometry
images and statistical analysis of the percentages of EPCR* cells relative to total DNT, as quantified by flow cytometry. E Relative levels of Epcr mRNA
in DNT analyzed by quantitative real-time PCR. F To detect the effect of EPCR, DNT were treated with WA (0.2 uM, Cat#: HY-N2065, MCE) or UDCA
(60 uM) for 48 h. Statistical analysis of the percentages of EdU* cells relative to the total DNT was performed, and the percentages were quantified
by flow cytometry. G Relative levels of Prf1, Gzmb and KircT mRNAs in DNT were analyzed by quantitative real-time PCR. H Relative levels of Jnk-1
and Jnk-2 in DNT were analyzed by quantitative real-time PCR. I, J Representative flow cytometry images and statistical analysis of the level of p-JNK
relative to total DNT, as quantified by flow cytometry. K Relative levels of Epcr mRNA in DNT were analyzed by quantitative real-time PCR. L, M
Statistical analysis of the percentages of EPCR™ and EdU* cells relative to total DNT, as quantified by flow cytometry. Experiments were repeated 2-3
times. Multiple comparisons were analyzed by one-way ANOVA followed by Bonferroni post hoc correction. *P<0.05; **P < 0.01; NS, not significant.
DNT, double-negative T cells; EPCR, endothelial cell protein C receptor; FPKM, fragments per kilobase of exon model per million mapped fragments;
Fxr~~, Fxr knockout; Gzmb, granzyme B; Jnk, c-Jun N-terminal kinase; JNK, c-Jun N-terminal kinase; JNK-IN8, JNK inhibitor XVI; Kirc1, killer cell
lectin-like receptor C1; Infg, interferon-gamma; Prf1, perforin 1; UDCA, ursodeoxycholic acid; WA, withaferin A
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Fig. 5 (Seelegend on previous page.)

Furthermore, compared with UDCA, blocking the
interaction of FXR with UDCA via GGS led to decreased
proliferation and increased NKG2A expression in DNT
(Fig. 4D). Moreover, as shown in Fig. 4E, the combination
of UDCA and GGS significantly decreased the cytotoxic-
ity of DNT toward CD4" T cells and CD8" T cells com-
pared with UDCA alone. Similar results were observed
in B cells (Fig. 4F). These results indicated that UDCA

enhanced the suppressive functions of DNT mainly
through FXR.

To further confirm the effects of UDCA on DNT via
FXR, we detected the expression of the proliferation-
inhibiting molecule in WT and Fxr/~ DNT after UDCA
stimulation. As shown in Fig. 4G, consistent with the
above results, UDCA significantly increased the prolifer-
ation of WT DNT but not Fx»~/~ DNT. Similarly, UDCA
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decreased NKG2A expression in WT DNT, whereas
UDCA had no such effect on Fxr~/~ DNT (Fig. 4H). WT
DNT and Fxr~/~ DNT were pre-stimulated with DMSO
or UDCA for 48 h and then cocultured with CD45.1* T
cells for another 3 days. Consistent with the above data,
UDCA enhanced WT DNT-mediated CD4* and CD8* T
cell lysis (Fig. 4I). However, UDCA did not increase the
killing effect of Fxr~ DNT on CD4" T cells or CD8"
T cells. These results further confirmed that UDCA
enhanced the suppressive functions of DNT, mainly via
FXR.

UDCA downregulated the expression of the inhibitory
molecule endothelial cell protein C receptor (EPCR) in DNT
through the FXR/JNK pathway

To explore how UDCA affects DNT via FXR, we ana-
lyzed the transcriptome data of WT DNT and Fxr~/~
DNT with or without UDCA. As shown in Fig. 5A, 593
DEGs were identified between control WT DNT and
UDCA-stimulated WT DNT, while 907 DEGs were
identified between control Fxr~/~ DNT and UDCA-
stimulated Fxr~'~ DNT for GSE215278. Additionally,
7402 non-DEGs were identified between control Fxr~/~
DNT and UDCA-stimulated Fxr~/~ DNT. These three
datasets contained 22 genes in common (Additional
file 3: Fig. S4C), which were potentially critical for the
FXR-dependent activation of DNT by UDCA. Gene
Ontology (GO) categories revealed that these 22 genes
were mainly involved in cell population proliferation,
cytokine activity and leukocyte activation, which are
involved in the immune response (Fig. 5B).

Among these 22 genes, protein C receptor (Procr,
also known as EPCR), a coinhibitory receptor that is
expressed on both CD4* and CD8™ T cells and part of a
larger coinhibitory gene program [15], was downregu-
lated in WT DNT but not in Fxr~/~ DNT treated with
UDCA (Fig. 5C). These findings were further validated
at both the mRNA and protein levels (Fig. 5D and E).

To further confirm the biological roles of EPCR,
withaferin A (WA), an agonist of EPCR, was used in
this study. As shown in Fig. 5F, WA significantly inhib-
ited the proliferation of DNT and prevented the effect
of UDCA on DNT, indicating that EPCR acts as an
inhibitory molecule of DNT. Consistently, WA not
only reduced Prfl mRNA expression and increased
Kircl (NKG2A) mRNA expression but also reversed the
effects of UDCA on DNT (Fig. 5G).

According to a previous study, EPCR is regulated by
the JNK signaling pathway [16]. In our study, Fig. 5H
shows that both Juk-1 and /uk-2 mRNAs were upregu-
lated in UDCA-stimulated WT DNT but not in Fxr~'~
DNT. Consistently, flow cytometry analysis revealed
that the phosphorylation of JNK was significantly
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increased in WT DNT stimulated with UDCA but not
in Fxr~'~ DNT (Fig. 5L, J).

To further explore whether EPCR is regulated by the
JNK pathway in DNT, the JNK inhibitor JNK-IN8 (1 pM)
was used to block the JNK signaling pathway. As shown
in Fig. 5K, Epcr mRNA was reduced in UDCA-stimulated
DNT, while its expression was reversed in DNT treated
with JNK-IN8 in combination with UDCA. Moreover,
JNK-IN8 prevented EPCR expression and the regula-
tion of DNT proliferation by UDCA (Fig. 5L, M). These
results suggested that UDCA promoted proliferation and
downregulated the expression of the inhibitory molecule
EPCR in DNT through the FXR/JNK signaling pathway.

UDCA enhanced the therapeutic role of DNT in vivo

To verify the mechanism by which UDCA regulates DNT
in vivo, we transferred CD45.17 DNT into dnTGFBRII
mice with or without UDCA intragastric administration
for 1 week (Fig. 6A). We found that these DNT still main-
tained a stable phenotype of CD3"NK1.1-CD4 CD8~
in vivo (Additional file 3: Fig. S4D). As shown in Fig. 6B,
combination therapy with UDCA significantly increased
the percentage of CD45.17 DNT in the liver. Consistent
with the above results, combination therapy with UDCA
had no effect on the apoptosis of infused DNT but signif-
icantly promoted their proliferation (Fig. 6B, C). Moreo-
ver, compared with DNT therapy alone, UDCA also
decreased the levels of the inhibitory molecule NKG2A
but had no effect on granzyme B expression in trans-
ferred DNT (Fig. 6D). Consistent with the in vitro obser-
vations, combination therapy with UDCA increased FXR
expression of DNT (Fig. 6E, F). Additionally, UDCA
downregulated EPCR expression of transferred DNT
and upregulated the JNK signal (Fig. 6G). These results
further suggested that combination therapy with UDCA
increased DNT proliferation and downregulated the
expression of the inhibitory molecule NKG2A/EPCR in
DNT through the FXR/JNK signaling pathway.

UDCA promotes the proliferation and immunoregulatory
function of human DNT via the FXR/JNK/EPCR pathway

To further investigate whether UDCA regulates DNT
proliferation and function via the FXR/JNK signal-
ing pathway, we performed in vitro experiments using
human DNT. As shown in Fig. 7A, consistent with pre-
vious findings in mice, UDCA upregulated the mRNA
expression of Prfl, Gzmb and Fasl and decreased the
expression of the exhaustion marker Kircl. Moreover,
UDCA significantly increased the protein levels of per-
forin and granzyme B and significantly promoted human
DNT proliferation (Fig. 7B). Furthermore, in contrast to
those in the cocultures with control DNT, the number
of apoptotic CD4" T cells, CD8" T cells and CD19" B
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Fig. 6 UDCA enhanced the therapeutic role of DNT in vivo. A Flowchart showing that 6-8-week-old dnTGFRRII mice received a total of 3x 10°
CD45.1-positive DNT via tail vein injection. At the same time, UDCA (15 mg/kg/day) was administered daily by intragastric administration for 1 week
(n=6). B Representative flow cytometry images and statistical analysis of transferred CD45.1* DNT in total hepatic CD45* cells. Representative flow
cytometry images and statistical analysis of Annexin V* cells relative to the total CD45.1-positive DNT. C Statistical analysis of Ki67* cells relative

to the total CD45.1-positive DNT, as determined by flow cytometry. D Representative flow cytometry images and statistical analysis of NKG2A*

and granzyme B* cells relative to the total CD45.1-positive DNT. E, F Representative flow cytometry images and statistical analysis of FXR™

cells relative to the total CD45.1-positive DNT. G Representative flow cytometry images and statistical analysis of EPCR* or p-JNK* cells relative

to the total CD45.1-positive DNT. Two-group comparisons were made by Student’s t test followed by Bonferroni post hoc correction. *P < 0.05;
**P<0.01; NS, not significant. DNT, double-negative T cells; FXR, farnesoid X receptor; EPCR, endothelial cell protein C receptor; JNK, c-Jun N-terminal
kinase; NKG2A, also known as kirc1, killer cell lectin like receptor C1; Tg, dnTGFBRII mice; UDCA, ursodeoxycholic acid

cells cocultured with UDCA-stimulated DNT was much
greater (Fig. 7C), indicating that the cytotoxic activity of
DNT was enhanced by UDCA.

UDCA also dramatically upregulated Fxr and vitamin
D receptor (Vdr) expression in human DNT (Fig. 7D).
We further investigated the increase in FXR expression
by human DNT via flow cytometry (Fig. 7E). Consistent

with the previous results, UDCA decreased EPCR
expression by human DNT (Fig. 7F).

To further confirm the biological roles of EPCR in
human DNT, WA was used in this study. As shown in
Fig. 7G, WA not only significantly inhibited the prolifera-
tion of DNT and prevented the UDCA-induced effects
on DNT but also decreased perforin expression by DNT,
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Fig. 7 UDCA also regulates human DNT proliferation and immunoregulatory functions. A Relative levels of function-associated genes in human
DNT analyzed by quantitative real-time PCR. B Representative flow cytometry images and statistical analysis of the percentages of perforin®,
granzyme B* and EdU* cells relative to the total DNT, as quantified by flow cytometry. CT or B cells were cocultured with control DNT

or UDCA-stimulated DNT at a 5:1 ratio for 1 day in vitro. The apoptosis of CD4™ and CD8" T cells (left) and CD19* cells (right) was detected by flow
cytometry (n=4). D Relative levels of Fxr, Pxr, Vdr and Tgr5 mRNAs in DNT, as analyzed by quantitative real-time PCR. E The mean fluorescence
intensity (MFI) of FXR on DNT quantified by flow cytometry. F Representative flow cytometry images and statistical analysis of the percentages
of EPCR cells relative to the total DNT. G To detect the effects of EPCR, human DNT were treated with WA (0.2 uM) or UDCA (60 uM) for 48

h. Statistical analysis of the percentages of EdU* cells and perforin* cells relative to the total DNT was performed, and the percentages were
quantified via flow cytometry. H Representative flow cytometry images and statistical analysis of the percentages of p-JNK* cells relative

to the total DNT, as quantified by flow cytometry. I Statistical analysis of the percentages of perforin* and EPCR™ cells relative to the total DNT,
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indicating that EPCR acts as an inhibitory molecule of
human DNT. Moreover, UDCA increased JNK phos-
phorylation in human DNT (Fig. 7H). INK-IN8, a JNK
pathway inhibitor, prevented the UDCA-mediated regu-
lation of perforin and EPCR expression in human DNT
(Fig. 7I). These results demonstrated that UDCA could
augment the suppressive function of human DNT via the
FXR/JNK/EPCR pathway, consistent with the observa-
tions in mice.

Discussion

DNT play diverse and distinct roles in various diseases.
A previous study reported that DNT have dual patho-
genic and therapeutic effects on autoimmune diseases
[17]. Studies have shown that DNT exhibit traits associ-
ated with resistance to autoimmune diabetes, and DNT
infusion significantly reduces the diabetes incidence and
prevents the progression of type 1 diabetes (T1D) [18—
20]. However, in contrast to the therapeutic potential of
DNT in T1D, DNT have been implicated as a harbin-
ger of systemic lupus erythematosus (SLE) and primary
Sjogren’s syndrome (pSS). These expanded DNT produce
increased levels of IL-17 and IFN-y, contributing to the
progression of SLE and pSS progression [21-24]. In con-
clusion, further studies are needed to explore the intri-
cate mechanisms underlying these contrasting roles of
DNT in different autoimmune contexts.

In this study, we found that adoptive transfer of
ex vivo-generated DNT potently protected against PBC
by suppressing liver-infiltrating T and B cells in mice. The
combination therapy of DNT and UDCA exhibited bet-
ter therapeutic efficacy, with markedly improved liver
inflammation and stronger inhibition of hepatic T cells
and B cells. Furthermore, UDCA augmented the immu-
nosuppressive function of DNT via FXR.

The transferred DNT primarily infiltrated the liver and
draining lymph nodes. This may be due to the high con-
centration of chemokines (CXCL10/CXCL9) in the liver,
which facilitate the migration of DNT and the subse-
quent high expression of the chemokine receptor CXCR3
[25]. In our previous studies, the cytotoxicity of DNT
was shown to depend mainly on functional molecules,
such as perforin and granzyme B [5, 25]. Moreover, DNT
were also verified to directly lyse B cells through cell-cell
contact via perforin [26]. These effects may be the major
mechanisms by which these infused DNT inhibited
CD4" and CD8" T cells and B cells, resulting in the ame-
lioration of PBC in mice.

Our in vitro experiments further verified that UDCA
promoted proliferation and reduced inhibitory mole-
cule expression in DNT via FXR. However, the interplay
between UDCA and FXR is controversial. UDCA can act
as both a weak FXR agonist and a FXR antagonist [27]. A
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recent study showed that UDCA could reduce FXR sign-
aling and downregulate ACE2 in human lung, cholangio-
cyte and intestinal organoids [28]. Moreover, as a weaker
ligand of FXR [29], UDCA can bind to FXR in hepato-
cytes [30]. Previous studies also reported that UDCA acts
as a partial agonist of FXR and regulates the expression
of the ileal bile acid binding protein (IBABP) in the liver
[31]. The administration of a mixture of lithocholic acid
and UDCA reduces hyperlipidemia by activating the FXR
pathway and repairing gut barrier integrity in ob/ob mice
[32]. Furthermore, UDCA has the ability to bind to FXR
in hepatocytes at high concentrations [30]. Recent stud-
ies have revealed that UDCA can upregulate the expres-
sion of FXR in intestinal tissues [33, 34]. However, the
interaction between UDCA and FXR in DNT deserves
further study.

UDCA has been reported to have anti-inflammatory,
immunomodulatory and antiapoptotic effects [27].
Many studies have demonstrated that UDCA can protect
hepatocytes from alcohol or toxic bile acids and reduce
oxygen species (ROS) production through FXR [35].
Additionally, UDCA also plays immunomodulatory roles.
Treatment with UDCA for 4 weeks inhibited the function
of dendritic cells in an ovalbumin (OVA)-driven eosino-
philic airway inflammation model [36]. UDCA also pro-
foundly reduced IL-2 and IFN-y expression in a PBC
mouse model [37].

FXR belongs to the nuclear receptor superfamily and
is a ligand-activated transcription factor that plays an
important role in regulating bile acid levels, lipid home-
ostasis, and glucose metabolism [38]. In addition, FXR
has been detected extensively in innate (including mac-
rophages, NK cells and dendritic cells) and adaptive
immune cells (including CD4" and CD8" T cells) [39],
and strongly affects these cells [40]. Once activated, FXR
reduces the macrophage response to proinflammatory
stimuli, exerting a counterregulatory signal [41]. Moreo-
ver, FXR activation drives the accumulation of myeloid-
derived suppressor cells (MDSCs) in ConA-induced liver
injury and enhances their suppressor function by binding
to the paired immunoglobin-like receptor-B promoter
[42]. However, the downstream signals of FXR in DNT
remain unknown.

In our study, we found that the expression level of
EPCR in DNT was modulated by FXR. EPCR, also
known as PROCER, is a transmembrane protein that plays
a critical role in the activated protein C (APC)-medi-
ated anticoagulant pathway [43]. Furthermore, studies
have suggested that EPCR is a key protein that supports
APC-induced cytoprotective signaling through the acti-
vation of protease-activated receptors [44, 45]. Another
study reported that free fatty acids could inhibit EPCR
expression in endothelial cells through the activation of
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JNK signaling [16]. In line with these previous studies, we
showed UDCA could counteract the inhibitory effect of
an EPCR agonist on the proliferation of DNT, probably
through activation of the JNK pathway and inhibition of
EPCR expression.

Additionally, another study revealed that adoptive
transfer of DNT could augment the accumulation of
recipient Tregs, thereby contributing to long-term car-
diac allograft survival [46]. Furthermore, the transfer of
DNT enhances Treg recruitment, fostering an immune
homeostatic environment conducive to neuronal recov-
ery in ischemic stroke [47]. Unfortunately, in our study,
we did not detect any changes in Tregs during DNT
treatment.

While the combined DNT and UDCA treatment dem-
onstrated promising results in both dnTGFPRII and
20A-BSA-immunized mice, we acknowledge certain
limitations. First, expanding our investigation to include
a broader range of PBC models is essential. Although we
employed two distinct models, neither fully recapitulates
the female predominance characteristic of human PBC,
nor do they exhibit the severe bile duct inflammation
often observed clinically. The ARE-Del™~ mouse model
has been shown to accurately reflect several key features
of human PBC [48-50], and we plan to utilize this model
for future validation once it becomes accessible. Second,
the development and application of a bona fide human-
ized PBC mouse model are critical for a more compre-
hensive assessment of the safety and potential long-term
effects of DNT therapy.

We also verified that UDCA promoted human DNT
proliferation and increased the expression of functional
molecules in human DNT, including perforin and gran-
zyme B. Furthermore, we demonstrated that UDCA pro-
foundly increased FXR, activated the JNK pathway and
reduced EPCR expression by human DNT. However, the
detailed mechanism of FXR activation in DNT needs fur-
ther in-depth exploration in the future.

In conclusion, the transfer of DNT in combination
with oral UDCA ameliorated PBC in mice by inhibiting
hepatic T cells and B cells. UDCA promoted DNT prolif-
eration and reduced EPCR expression, thereby augment-
ing the suppressive function of DNT via the FXR/JNK
signaling pathway. Our study hopes to provide a potential
application of DNT-based combination therapy for PBC
patients who are nonresponsive to UDCA.

Conclusions

In summary, our study underlies that a single transfer of
DNT ameliorated PBC in mice, while combination ther-
apy of DNT with oral UDCA displayed a better efficacy
with stronger inhibition of hepatic T and B cells. Moreo-
ver, UDCA promoted DNT proliferation and reduced
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EPCR expression, thereby augmenting the suppressive
function of DNT via the FXR/JNK signaling pathway.
This study provides a potential application of DNT-based
combination therapy for PBC, especially for UDCA
non-responders.
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downregulated genes (differentially expressed genes identified by the fold
change of > 0.5 and P < 0.05) in DNT from the above two groups. B. The
genes associated with lymphocyte proliferation and cell cytotoxicity were
confirmed in DNT by real-time PCR after UDCA stimulation (n = 5). C. The
heat map displayed these 22 genes, which included Epcr. D. Representa-
tive flow cytometry gating strategy to analyze the CD45.1*CD3*tNK1.1°
CD4CD8 DNT in liver.
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