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NUDT1 promotes the accumulation and longevity of
CD103+ TRM cells in primary biliary cholangitis
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Background & Aims: Pyruvate dehydrogenase (PDC)-E2 specific
CD8+ T cells play a leading role in biliary destruction in PBC.
However, there are limited data on the characterization of these
autoantigen-specific CD8+ T cells, particularly in the liver. Herein,
we aimed to identify pathogenic intrahepatic CD8+ T-cell sub-
populations and investigate their immunobiology in PBC.
Methods: Phenotypic and functional analysis of intrahepatic T-
cell subsets were performed by flow cytometry. CD103+ TRM cell
frequency was evaluated by histological staining. The tran-
scriptome and metabolome were analyzed by RNA-seq and
liquid chromatography-mass spectrometry, respectively. Cyto-
toxicity of TRM cells against cholangiocytes was assayed in a 3D
organoid co-culture system. Moreover, the longevity (long-term
survival) of TRM cells in vivo was studied by 2-octynoic acid-BSA
(2OA-BSA) immunization, Nudt1 conditional knock-out and
adoptive co-transfer in a murine model.
Results: Intrahepatic CD103+ TRM (CD69+CD103+CD8+) cells were
significantly expanded, hyperactivated, and potentially specif-
ically reactive to PDC-E2 in patients with PBC. CD103+ TRM cell
frequencies correlated with clinical and histological indices of
PBC and predicted poor ursodeoxycholic acid response. NUDT1
blockade suppressed the cytotoxic effector functions of CD103+

TRM cells upon PDC-E2 re-stimulation. NUDT1 overexpression in
CD8+ T cells promoted tissue-residence programming in vitro;
inhibition or knockdown of NUDT1 had the opposite effect.

Pharmacological blockade or genetic deletion of NUDT1 elimi-
nated CD103+ TRM cells and alleviated cholangitis in mice
immunized with 2OA-BSA. Significantly, NUDT1-dependent DNA
damage resistance potentiates CD8+ T-cell tissue-residency via
the PARP1-TGFbR axis in vitro. Consistently, PARP1 inhibition
restored NUDT1-deficient CD103+ TRM cell durable survival and
TGFb-Smad signaling.
Conclusions: CD103+ TRM cells are the dominant population of
PDC-E2-specific CD8+ T lymphocytes in the livers of patients
with PBC. The role of NUDT1 in promoting pathogenic CD103+

TRM cell accumulation and longevity represents a novel thera-
peutic target in PBC.
Lay summary: Primary biliary cholangitis (PBC) is a rare in-
flammatory condition of the bile ducts. It can be treated with
ursodeoxycholic acid, but a large percentage of patients respond
poorly to this treatment. Liver-infiltrating memory CD8+ T cells
recognizing the PDC-E2 immunodominant epitope are critical in
the pathogenesis of PBC. We identifed the key pathogenic CD8+ T
cell subset, and worked out the mechanisms of its hyper-
activation and longevity, which could be exploi-
ted therapeutically.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Euro-
pean Association for the Study of the Liver. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Introduction
Patients with primary biliary cholangitis (PBC) develop a multi-
lineage response to a highly restricted peptide of the E2
component of pyruvate dehydrogenase (PDC-E2) including anti-
mitochondrial antibodies and autoreactive T-cell responses.1

CD8+ cytotoxic T lymphocytes (CTLs) are thought to be directly
involved in the apoptosis of biliary epithelial cells (BECs) during
PBC progression.2 Memory CD8+ T cells recognizing the PDC-E2
immunodominant epitope are found only in patients with PBC
and are significantly enriched in the liver compared to peripheral
blood, highlighting their disease- and organ-specificity.3
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NUDT1; DNA damage response.
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Treatment of PBC has been dominated by routine ursodeox-
ycholic acid (UDCA) therapy, which is ineffective in 30-40% of
patients.4 High-risk patients would probably benefit from early
combined treatment with UDCA and immunotherapies.5,6

Despite the lack of uniform success with targeted therapies
based on autoantigen-reactive CTLs in PBC to date, this approach
remains promising.7 Therefore, phenotypic and functional char-
acterization of the pathogenic cytotoxic T-cell subsets is urgently
needed.3,8 Increasing evidence support that relapsed/refractory
autoimmune diseases are partially driven by tissue-resident
memory CD8+ T (TRM) cells, a recently identified T-cell subset
that lodges permanently in non-lymphoid tissues
without recirculating.9,10

TRM cells often express CD69, integrins CD49a and CD103 that
mediate long-term retention within tissues.11,12 TRM cells within
the human liver can be further divided by CD103 expression into
2 subpopulations exhibiting substantial functional differences:
CD103- TRM cells (CD69+CD103-CD8+ T cells) and CD103+ TRM cells
(CD69+CD103+CD8+ T cells).13,14 Upon antigen or cytokine stim-
ulation, CD103+ TRM cells are stronger effectors than CD103- TRM
cells, exhibiting robust inflammatory sentinel activity and long-
term survival (longevity) in diseased livers.13,15 Interestingly, in
patients with chronic HBV infection, CD103- TRM cells have
specificity for both hepatotropic and non-hepatotropic viruses,
whereas CD103+ TRM subsets are only HBV-specific cells. More-
over, antigen-nonspecific activation of liver-resident CD8+ T cells
contributes to inflammation in HDV.16 Beyond the antigen
specificity, CD103+ TRM cells also exhibit distinct functional het-
erogeneity and plasticity. In cholangiocarcinoma, CD103+ TRM
cells express prominent exhaustion-related checkpoint re-
ceptors, but still retain a T-bethigh Eomeslow population with
reinvigoration potential.17 The balance between CD103+ TRM and
exhausted T cells is also predictive of outcomes in hepatocellu-
lar carcinoma.18

Herein, we report that in PBC, expanded CD103+ TRM cells are
the dominant intrahepatic population of PDC-E2-specific autor-
eactive CTLs. Upon antigenic stimulation, CD103+ TRM cells
require nucleoside diphosphate X hydrolase 1 (NUDT1), a
nucleotide pool sanitizing enzyme, to improve tolerance to
oxidative stress derived from metabolic reprogramming. Genetic
deletion or pharmacological blockade of NUDT1 eliminates
CD103+ TRM cells in our PBC murine model and is accompanied
by reduced portal inflammation. Significantly, NUDT1-
dependent oxidative DNA damage resistance imprints CD8+ T-
cell tissue-residency via the PARP1-TGFbR axis in vitro. Consis-
tently, PARP1 inhibition restores NUDT1-deficient CD103+ TRM
cell survival and TGFb-Smad signaling both in vitro and in vivo.

Materials and methods
Patients and study samples

Demographic and clinical features of study participants are
included in Table S1 and Table S2. All individuals were enrolled
in Shanghai Renji Hospital and provided written, informed
consent. The study was carried out under the principles of the
Declaration of Helsinki and approved by the research ethics
boards of Renji Hospital, Shanghai Jiao Tong University.

Animal studies

We generated Nudt1flox/flox mice using a standard CRISPR/Cas9-
mediated gene editing strategy. To specifically delete the
NUDT1 from T cells, Nudt1flox/flox mice were bred with a CD4-Cre

transgenic mouse strain to generate the Nudt1
OCD4 mice on a

C57BL/6 background. Procedure details of 2OA immunization
and T-cell adoptive transfer/co-transfer can be found in the
supplementary methods.

Additional information on the materials and methods used
can be found in the supplementary methods and supplementary
CTAT table.

Results
CD103+ TRM cells are significantly expanded and
hyperactivated in PBC

A significantly increased frequency of CD103+ TRM cells
(CD69+CD103+CD8+ T cells) among liver-infiltrating CD8+ T cells
was observed in patients with PBC compared to healthy controls
(HCs) (Fig. 1A). CD103+ TRM cells from patients with PBC
demonstrated a higher expression of PD-1 and CXCR3 (Fig. 1B)
and secreted significantly more cytokines including granzyme-B,
IFN-c, IL-2 and IL-17 (Fig. 1C) than those of HCs, indicating
CD103+ TRM cells were hyperactivated with enhanced effector
functions in PBC. CD103+ TRM cells also exhibited significantly
higher proliferation/self-renewal related transcription factors,
including Ki-67 and TCF-1, but simultaneously expressed higher
exhaustion-associated TOX (Fig. 1C). The seemingly contradictory
transcriptional program revealed a substantial internal hetero-
geneity of CD103+ TRM cell phenotypes.

Autoreactivity of CD103+ TRM cells is potentially specific to
PDC-E2 in PBC

We sorted liver-infiltrating CD103+ TRM (CD69+CD103+CD8+)
cells, CD103- TRM (CD69+CD103-CD8+) cells and “non-resident”
CD69-CD103-CD8+ T cells from liver explants of HLA-A*0201+

patients with PBC to expand peptide-specific CTL lines with PDC-
E2159-167 peptide. Distinct populations of the PDC-E2159-167 tet-
ramer+ CD8+ T cells were detected after a 12–14-day expansion of
paired CD103+ and CD103- TRM cells (Fig. 1D), while PDC-E2159-167
tetramer+ CD8+ T cells derived from the CD69-CD103-CD8+

counterpart were still undetectable.
The frequency of PDC-E2 peptide-specific T-cell precursors

before expansion was estimated by the number of cell divisions.
The average frequency of PDC-E2159-167-specific reactive cells
among liver-infiltrating CD103+ TRM cells was significantly higher
(over 3-fold) than that amongCD103-TRM cells (Fig.1E). Combining
with their respective proportions in liver-infiltrating CD8+ T cells,
more than 60% of the PDC-E2 reactive CD69+CD8+ T cells were
CD103+ TRM cells (Fig. 1F). Moreover, CD103+ TRM cells sorted from
all HLA-A*0201+ HCs and disease controls failed to expand tet-
ramer+ cells at detectable and comparable levels (Fig. S1B). Upon
PDC-E2 peptide stimulation, CD103+ TRM cells producedmore IFN-
c and granzyme-B compared to paired CD103- TRM cells (Fig. 1G).
The prevalence of autoantigen-reactive T cells in CD103- and
CD103+ TRM cell subsets and their differential antigen responsive-
ness was also confirmed bymeasurement of IFN-c in supernatants
(Fig. 1H; Fig. S1C). As expected, CD103+ TRM cells from HCs and
disease controls did not respond to the stimulation (Fig. S1D).
Overall, these findings reflect that CD103+ TRM cells are the major
population of PDC-E2-specific autoreactive CD8+ T lymphocytes in
the livers of patients with PBC.

CD103+ TRM cells are clinically relevant in PBC

We confirmed that CD103+ TRM cells accumulate around
damaged interlobular bile ducts in the peri-portal areas by
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immunofluorescence co-staining of CD8, CD69, CD103 and CK7
(Fig. 2A). The numbers of CD103+CD8+ cells in the portal area in
PBC were significantly higher than in HCs and other chronic liver
diseases (Fig. 2B). In treatment-naive patients with PBC, either
absolute numbers (Fig. 2C) or percentages among CD8+ cells
(Fig. S2A) of portal area-infiltrating CD103+CD8+ cells positively
correlated with biochemical parameters, including serum levels
of alkaline phosphatase (ALP), gamma-glutamyltransferase and
total bilirubin. No statistical correlation was observed between
CD103+CD8+ cell numbers or frequencies and serum alanine
aminotransferase, aspartate aminotransferase, IgM and IgG
(Fig. S2B-C). For histological indices, portal-infiltrating
CD103+CD8+ cell numbers (Fig. 2D) and frequencies (Fig. S2D)
were both positively correlated with degree of hepatic

inflammation and fibrosis stage. Interestingly, patients who
responded to UDCA had significantly lower numbers and per-
centages of baseline CD103+CD8+ cells compared to those who
were non-responders (Fig. 2E).

CD103+ TRM cells localize near biliary epithelial cells and are
cytotoxic in PBC

To examine the spatial relationship between BECs and TRM cells,
we conducted nearest-neighbor analysis of CD103- TRM
(CD69+CD103-CD8+) cells or CD103+ TRM (CD69+CD103+CD8+)
cells with respect to CK7+ BECs (Fig. 2F). The average distance to
the nearest BECs from CD103+ TRM cells was significantly lower
than that from CD103- TRM cells (Fig. 2G), and was also lower
than CD103+ TRM cells from HCs or other liver diseases (Fig. S2E-

H

0

50

100

150

200

IF
N

-γ
 (
p

g
/m

l)

**
CD69+CD103-

CD69+CD103+

P
ep

tid
es

 (-
)

P
ep

tid
es

 (+
)

G

0

5

10

15

20

**
**

Ex vivo PDC-E2 peptides-stimulated

T
RM

 cells of PBC patients

CD69+CD103-

CD69+CD103+

In
tr

a
c
e

llu
la

r
c
y
to

k
in

e
s
 i
n

C
D

8
+

T
R

M
 c

e
lls

 (
%

)

IF
N
-γ

G
z-

B

F

0

20

40

60

80

100
****

C
D
69

+ C
D
10

3
-

C
D
69

+ C
D
10

3
+

E
a

c
h

 s
u

b
p

o
p

u
la

ti
o

n
/P

D
C

-E
2

–

s
p

e
c
if
ic

 r
e

a
c
ti
v
e

 C
D

6
9

+
C

D
8

+
 T

 c
e

lls
 (

%
)E

0

5

10

15
****

C
D
69

+ C
D
10

3
-

C
D
69

+ C
D
10

3
+

P
re

c
u

rs
o

r 
fr

e
q

u
e

n
c
y
 o

f 
P

D
C

-E
2

–

s
p

e
c
if
ic

 C
D

8
+
 T

 c
e

lls
 (

x
1

0
-5
)

D

CFSE
CD69+CD103- CD69+CD103+P

D
C

-E
2

1
5

9
-1

6
7

 te
tr

a
m

e
r

Ex vivo expansion of PDC-E2 reactive

intrahepatic CD8+ T cells

C

0

20

40

60

80

In
tr

a
c
e

llu
la

r 
c
y
to

k
in

e
s
 i
n

C
D

6
9

+
C

D
1

0
3

+
C

D
8

+
 T

 c
e

lls
 (

%
)

**

*

*

**

IF
N
-γ

IL
-2

G
z-

B

IL
-1

7

0

200

400

600

800

1,000

M
F

I 
o

f 
tr

a
n

s
c
ri
p

ti
o

n
 f
a

c
to

rs
 i
n

C
D

6
9

+
C

D
1

0
3

+
C

D
8

+
 T

 c
e

lls

*
* **

n.s

n.s
n.s

n.s

TC
F-

1

K
i6

7

TO
X

E
om

es
N
ot

ch
-1

B
lim

p-
1

R
un

x-
3

HC

PBC

B

0

20

40

60

80

100

S
u

rf
a

c
e

 m
a

rk
e

rs
 i
n

C
D

6
9

+
C

D
1

0
3

+
C

D
8

+
 T

 c
e

lls
 (

%
)

HC

PBC
n.s

*

***

n.s

C
X
C
R
6

C
X
C
R
3

C
D
49

a

P
D
1

A

CD69

C
D

1
0

3

Gate on CD8+ T cells

HC PBC

0

5

10

15

20

25

C
D

6
9

+
C

D
1

0
3

+
 T

R
M
 c

e
lls

in
 C

D
8

+
 T

 c
e

lls
 (

%
)

****

H
C

P
B
C

Fig. 1. Phenotype and autoantigen-specificity of CD103- and CD103+ TRM cells in PBC. (A) Frequency of liver-infiltrating CD103+ TRM cells in HCs (n = 15) and
patients with PBC (n = 18). (B and C) Expression of surface markers (B), intracellular cytokines and transcription factors (C) in liver-infiltrating CD103+ TRM cells
from HCs (n = 15) and patients with PBC (n = 18). (D) Representative flow cytometry plots of ex vivo expansion of PDC-E2159-167-specific cells in paired intrahepatic
CD103- and CD103+ TRM cells from HLA-A*0201+ patients with PBC, stained with CFSE and PDC-E2159-167 tetramer. (E) Precursor frequency of PDC-E2-specific
CD8+ T cells in paired intrahepatic CD103- and CD103+ TRM cell subsets (n = 10). (F) Relative proportions of CD103- and CD103+ cells in total PDC-E2–specific
reactive CD69+CD8+ T cells (n = 10). (G) CD103- and CD103+ TRM cells from patients with PBC were stimulated with a mix of PDC-E2 peptides for 6 h. The
percentage of IFN-c+ or granzyme-B+ cells in each subpopulation was analyzed (n = 10). (H) IFN-c concentration in culture supernatants upon PDC-E2 peptides
stimulation. Mean ± SEM. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Mann-Whitney U test (A-C), Wilcoxon matched-pairs test (E-H). CFSE, carboxyfluorescein
succinimidyl ester; E2 component of pyruvate dehydrogenase; HCs, healthy controls; HLA, human leukocyte antigen; IFN, interferon; MFI, mean fluorescence
intensity; PBC, primary biliary cholangitis; PDC-E2, E2 component of pyruvate dehydrogenase; TRM cells, tissue-resident memory T cells.

Journal of Hepatology 2022 vol. 77 j 1311–1324 1313



H

0-25 25-50

P
e

rc
e

n
ta

g
e

 a
m

o
n

g

C
D

8
+
C

D
6

9
+

 T
R

M
 c

e
lls

 (
%

)

50-75 75-100
0

50

100

150

Distance from nearest CK7+ (μm)

CD69+CD103-CD8+

CD69+CD103+CD8+

G

0

20

40

60

80

D
is

ta
n
c
e
 f
ro

m
 

n
e

a
re

s
t 
C

K
7

+
 (
μ

m
) ****

C
D
69

+ C
D
10

3
- C
D
8

+

C
D
69

+ C
D
10

3
+ C

D
8

+

F

Phenotype-mapped

(CK7+BECs  CD103-T
RM

  CD103+T
RM

)

Multicolor co-stained 

E

0

10

20

30 ***

N
u

m
b

e
rs

 o
f 
C

D
1

0
3

+
C

D
8

+

c
e

lls
/H

P
F

R
es

po
nd

er
s

N
on

-r
es

po
nd

er
s

0

10

20

30

40
****

C
D

1
0

3
+
C

D
8

+
 c

e
lls

in
 C

D
8

+
 c

e
lls

 (
%

)

R
es

po
nd

er
s

N
on

-r
es

po
nd

er
s

D

0 1 2 3 4
0

10

20

30

Inflammation degree

r = 0.4518  p <0.0001

N
u

m
b

e
rs

 o
f 
C

D
1

0
3

+
C

D
8

+

c
e

lls
/H

P
F

0 1 2 3 4
0

10

20

30

Fibrosis stage

r = 0.5115  p <0.0001

N
u

m
b

e
rs

 o
f 
C

D
1

0
3

+
C

D
8

+

c
e

lls
/H

P
F

C

0 10 20 30
0

200

400

600

800

1,000
r = 0.3646 p = 0.0026

Numbers of CD103+CD8+ cells/HPF

A
L

P
 (

U
/L

)
r = 0.3020 p = 0.0137

0 10 20 30
0

50

100

150

Numbers of CD103+CD8+ cells/HPF

T
B

IL
 (

μ
m

o
l/
L

)r = 0.4067 p = 0.0007

0 10 20 30
0

200

400

600

800

1,000

Numbers of CD103+CD8+ cells/HPF

G
G

T
 (

U
/L

)

B

0

10

20

30

****

***
****

****

H
C

N
u

m
b

e
rs

 o
f 
C

D
1

0
3

+
C

D
8

+

c
e

lls
/H

P
F

P
B
C

A
IH

C
H
B

N
A
FL

D

A

CK7CD103 MergeCD69CD8

Fig. 2. Correlation of CD103+ TRM cells with the clinical and histological indices in PBC. (A) Representative multiplex co-staining of CD8, CD69, CD103 and
CK7(×200) in PBC liver. (B) Quantification of portal area-infiltrating CD103+CD8+ cells in the livers of HCs (n = 15) and patients with PBC (n = 66), AIH (n = 38), CHB
(n = 36) and NAFLD (n = 32). (C and D) Numbers of CD103+CD8+ cells positively correlated with serum ALP, GGT, TBIL levels (C) or hepatic inflammation degree and
fibrosis stage (D) in patients with PBC (n = 66). (E) UDCA responders (n = 42) exhibited lower absolute numbers and percentages of CD103+CD8+ cells than non-
responders (n = 24). (F) Representative multiplex co-staining (above) and its phenotype-mapped image (below) with CK7+ (red) and TRM cells (black dots,
CD69+CD103-CD8+ cells; blue dots, CD69+CD103+CD8+ cells). (G) The average distance to the nearest BECs from CD103+ TRM cells was significantly lower than that
from CD103- TRM cells. (H) Spatial localization of CD103- TRM cells and CD103+ TRM cells within different distances from nearest CK7+ BECs. Mean ± SEM. ***p
<0.001, ****p <0.0001. Student’s t test (B, E), Spearman correlation test (C-D), paired t test (E-H). AIH, autoimmune hepatitis; ALP, alkaline phosphatase; BECs,
biliary epithelial cells; CHB, chronic hepatitis B; GGT, Gamma-glutamyl transferase; HPF, high-power field; NAFLD, non-alcholic fatty liver disease; PBC, primary
biliary cholangitis; TBIL, total bilirubin; UDCA, ursodeoxycholic acid.
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G). Within close proximity (0–25 lm) to BECs, the frequency of
CD103+ TRM cells was higher than that of CD103- TRM cells. In
contrast, CD8+ T cells localized further from BECs were more
enriched with CD103- TRM cells (Fig. 2H).

These results led us to further confirm the direct cytotoxicity
of TRM cells against BECs, we established the 3D organoid co-
culture system containing intrahepatic cholangiocytes and T
cells. CD103+ TRM cells derived from patients with PBC produced
significantly higher degranulation when co-cultured with
autologous cholangiocytes (Fig. 3A), which was not observed in
HCs or disease controls (Fig. S3A). Blocking assays demon-
strated that cholangiocyte growth arrest and apoptosis caused

by TRM cell killing were mediated by both Fas/FasL-dependent
and perforin/granzymeB-dependent pathways, with the latter
being dominant (Fig. 3B-D). Confocal 3D reconstructions
showed granzyme-B/perforin-positive TRM cells accumulate
around the damaged cholangiocyte organoids in the co-culture
system (supplementary movie 1). Consistently, in portal areas
of PBC livers, most CD103+ TRM cells close to the BECs were
positive for granzyme-B and/or perforin (Fig. 3E; larger fields of
view are shown in Fig. S3C). In addition to 3D organoid co-
culture, similar results were also observed in planar co-
culture of TRM cells and autologous primary cholangiocytes
(Fig. S3D-E).
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CD103+ TRM cells within PBC livers accumulate high levels of
ROS, but exhibit decreased dNTP pool oxidation and
subsequent DNA damage

Persistent antigenic stimulation impairs mitochondrial oxidative
phosphorylation (OXPHOS) and results in functional exhaustion
or replicative senescence in T cells.19,20 While TRM cells within
different tissues are reported to utilize increased mitochondrial
b-oxidation to support their longevity.21,22 CD103+ TRM cells
demonstrated more fatty acid internalization (Fig. 4A) and
higher mitochondrial respiratory activity (Fig. 4B) compared
with the CD103- TRM subset in PBC. Oxygen consumption rate
analysis showed mitochondrial respiratory capacity was also
higher in CD103+ TRM cells (Fig. S4A). Consistently, higher reac-
tive oxygen species (ROS) production was observed in CD103+

TRM cells in PBC (Fig. 4C), which was also higher than CD103+ TRM
cells isolated from controls (Fig. S4B).

Liquid chromatography-mass spectrometry analysis revealed
a significant difference in their nucleotide metabolism. Strik-
ingly, oxidized dNTPs, especially 8-hydroxy-dGTP and 2-
hydroxy-dATP, were substantially lower in CD103+ TRM cells
(Fig. 4D). Insertion of oxidized dNTPs into the genome leads to a
DNA damage response (DDR). Consistently, indicators of DNA
double-strand breaks, including c-H2AX and pCHK2, showed
that CD103+ TRM cells had a lower DDR level (Fig. 4E-F).
Accordingly, we detected the expression of NUDT1, the key
enzyme degrading oxidized purine dNTPs in mammalian cells;
flow cytometry analysis demonstrated that NUDT1 was selec-
tively upregulated in CD103+ TRM cells, rather than other coun-
terparts in PBC (Fig. 3G). Furthermore, CD103+ TRM cells
expressed higher NUDT1 than CD103+ TRM cells isolated from
HCs or disease controls (Fig. S4C). Immunofluorescence co-
staining of NUDT1, CD8, CD103 and CK7 in PBC livers
confirmed high NUDT1 expression of CD103+ TRM cells in close
proximity to or even within the damaged interlobular bile
ducts (Fig. 3H).

NUDT1 regulates the function and intrahepatic accumulation
of CD103+ TRM cells in PBC

Next, we investigated whether NUDT1 regulates the effector
function of CD103+ TRM cells in PBC. Intracellular co-staining was
performed for the comparison of NUDT1low with NUDT1high

CD103+ TRM cell subpopulations. NUDT1high CD103+ TRM cells
expressed increased granzyme-B, IFN-c, IL-2, and IL-17 (Fig. 5A),
as well as exhibiting significantly higher Ki-67, TCF-1 (Fig. S4D).
Upon re-stimulation with PDC-E2 peptides or anti-CD3/28, Kar-
onudib (NUDT1 inhibitor) suppressed cytokine production from
the CD103+ subset (Fig. 5B; Fig. S5A), but not from the CD103-

subset (Fig. S4E). In stark contrast, such effects were not
observed in IL-15 or IL-12+IL-18 stimulated bystander-activated
CD103+ TRM cells (Fig. S5B-C).

We next utilized a well-established TRM cell de novo induction
system to examine if the tissue-residency imprinted on periph-
eral CD8+ T cells is regulated by NUDT113,23,24 (Fig. 5C).
Lentivirus-mediated NUDT1 overexpression significantly

increased the frequency (Fig. 5C) and cytokine production
(Fig. S5D) of de novo induced CD69+CD103+CD8+ cells, whereas
NUDT1 knockdown (Fig. 4D; Fig. S5E) or Karonudib treatment
(Fig. 5E; Fig. S5F) resulted in the opposite effect. Consistently,
Karonudib rescued the cholangiocytes from growth defects and
apoptosis induced by co-cultured autologous TRM cells (Fig. S5G-
H). In addition, NUDT1 overexpression increased the oxygen
consumption rate of CD8+ T cells after tissue-residency induction
(Fig. S5I), either NUDT1 knockdown (Fig. S5J) or Karonudib
(Fig. S5K) decreased their mitochondrial respiratory capacity.

Based on differential KLRG1 and CD127 expression, we
distinguish peripheral CD8+ short-lived effector cells (CD127
−KLRG1+) from memory precursor effector cells (MPECs,
CD127+KLRG1−) (Fig. 5F), the latter has been reported to be the
dominant precursor cell source of TRM cell replenishment within
different tissues.25–27 Significantly higher NUDT1 expression in
peripheral MPECs than short-lived effector cells was observed in
patients with PBC, but not in HCs (Fig. 5F). MPECs in patients
with PBC exhibited higher NUDT1 expression than those in HCs
(Fig. 5G). In addition, upregulated NUDT1 was observed in
circulating MPECs expressing CXCR3 and CXCR6, which mediate
hepatic T-cell recruitment and residence (Fig. 5H). As expected,
the frequencies of intrahepatic MPECs (potential TRM cell pre-
cursors) in PBC were significantly higher than those in HCs
(Fig. 5I). Of note, the mean fluorescence intensity of NUDT1 in
circulating MPECs positively correlated with the percentage of
CD103+ TRM cells in paired liver tissue specimens (Fig. 5J).

In summary, NUDT1 maintains the effector functions of
CD103+ TRM cells during autoantigen recall response in PBC, and
also promotes their hepatic accumulation by imprinting a tissue-
residency phenotype on their circulating precursor counterparts.

NUDT1-dependent DNA damage resistance potentiates CD8+ T-
cell residency via the PARP1-TGFb-Smad axis in vitro

To further understand the mechanisms whereby NUDT1 pro-
motes CD103+ TRM cell programming, we compared tran-
scriptomes between NUDT1-overexpressing and control de novo

induced TRM cells using RNA-sequencing analysis. A gene
ontology enrichment analysis revealed that the genes associated
with DDR were downregulated in the NUDT1-overexpressing
group (Fig. 6A), consistent with the known functions of NUDT1
in modulating resistance to oxidative DNA damage28,29; while
the most critical events in TGFb-Smad signaling including R-
smad binding and smad protein-complex assembly were sub-
stantially upregulated by NUDT1 overexpression (Fig. 6B). Gene
set variation analysis based on the KEGG pathway database also
highlighted the increased levels of TGFb signaling in the NUDT1-
overexpressing group (Fig. 6C; Fig. S6A). Thus, we hypothesized
that NUDT1-dependent DNA damage resistance would
contribute to CD103+ TRM cell development or maintenance via
upregulation of TGFb-Smad signaling.

Recent studies showed that poly (ADP-ribose) polymerase-1
(PARP1), a central player in several different DDR pathways,
can regulate the expression of TGFb receptors and downstream

=
inhibitor) 6 h before TCR engagement. Induced CD69+CD103+ cell frequency (G), MFI of TGFbRII and pSmad2/3 (H) in CD8+ T cells in different groups were
analyzed. (I) Cleaved PARP-1 in CD103- and CD103+ TRM cells from patients with PBC (n = 18). (J) MFI of TGFbRII and pSmad2/3 in cleaved PARP-1- and cleaved
PARP-1+ CD8+ T cells from patients with PBC (n = 18). (K) TGFbRII expression was negatively correlated with cleaved PARP-1+ proportions in CD8+ T cells. Mean ±
SEM. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Mann-Whitney U test (C-E, G, I), Wilcoxon matched-pairs test (I-J), Spearman correlation test (K). DEGs,
differentially expressed genes; KEGG, kyoto encyclopedia of genes and genomes; NUDT1, nucleoside diphosphate X hydrolase 1; PARP1, poly (ADP-ribose) po-
lymerase-1.
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smad signaling in T cells.30,31 As expected, the percentage of
cleaved PARP1 (the active fragment cleavage of PARP1)-positive
cells was reduced in NUDT1-overexpressing CD8+ T cells
compared to controls (Fig. 6D). In contrast, either NUDT1
knockdown (Fig. 6E) or NUDT1 inhibitor treatment (Fig. 6F)
increased the level of cleaved PARP1. Pretreatment with an in-
hibitor (Rucaparib) of PARP1 reversed the reduction in CD103+

TRM cell frequency induced by Karonudib (Fig. 6G); all other
tested inhibitors of different DDR signaling proteins (including
DNA-dependent protein kinase catalytic subunit, ATM, ATR,
CHK1 and Wee1) fail to rescue it (Fig. S6D-H). Furthermore,
Rucaparib pretreatment restored the inhibitory effect of Kar-
onudib on TGFbRII and phospho-Smad2/3 expression upon TCR/
TGFb sequential exposure (Fig. 6H), but not under IL15/TGFb
sequential induction (Fig. S6C). Finally, we validated this PARP1-
TGFb-Smad axis in liver-infiltrating CD8+ T cells from patients
with PBC; CD103+ TRM cells showed a lower level of cleaved
PARP1 than the CD103- TRM subset (Fig. 6I) and cleaved PARP1+

CD8+ T cells displayed lower expression of TGFbRII and phospho-
Smad2/3 (Fig. 6J). Moreover, either TGFbRII (Fig. 6K) or phospho-
Smad2/3 expression (Fig. S6I) was negatively correlated with
cleaved PARP1+ proportions in CD8+ T cells.

Overall, NUDT1-dependent DNA damage resistance upregu-
lates TGFb-Smad signaling by preventing PARP1 hyperactivation,
thus promoting CD103+ TRM cell programming in PBC.

Inhibition of NUDT1 eliminates CD103+ TRM cells and
attenuates 2OA-BSA-induced cholangitis in vivo

To examine the potential impact of NUDT1 on CD103+ TRM cells
and their roles in PBC development in vivo, we induced chol-
angitis in mice immunized with BSA-conjugated 2OA as
described.2 Liver-infiltrating CD69+CD103+CD8+ TRM cell fre-
quency was significantly increased in 2OA-immunized mice, and
was specifically eliminated by Karonudib oral gavage (Fig. 7A).
Liver inflammation (Fig. 7B) and serum ALP levels (Fig. 7C) in
2OA-immunized mice were significantly decreased by Kar-
onudib. After being immunized with 2OA for 12 weeks, T cell-
specific NUDT1-deficient Nudt1OCD4 mice developed a consider-
ably lower CD103+ TRM cell frequency compared with NUDT1flfl

control littermates (Fig. 7D), accompanied by the alleviation of
portal inflammation (Fig. 7E) and decrease in serum ALP (Fig. 7F).
Splenic pan-T cells from 2OA-immunized Nudt1

OCD4 or Nudt1flfl

mice were purified and adoptively transferred into Rag1−/− mice
(Fig. 7G); HE staining revealed that NUDT1 knockdown in T cells
led to decreased cholangitis in a cell-autonomous
fashion (Fig. 7H).

NUDT1 promoted longevity of CD103+ TRM cells during
cholangitis in a PARP1-dependent manner

To further confirm if NUDT1 promotes the long-term residency
phenotype of CD8+ T cells in vivo, an adoptive cell co-transfer
experiment was performed. Pan-T cells were isolated from the

spleens of wild-type CD45.1 mice and Nudt1
OCD4-CD45.2 mice

after 4-week 2OA-immunization, reactivated in vitro and then
adoptively co-transferred into 6-week-old Rag1-/- recipient mice.
Recipients were sacrificed on the indicated date and liver-
infiltrating lymphocytes were collected for flow cytometry
analysis (Fig. 8A). NUDT1 deficiency led to a progressive loss of
CD103+ TRM cells over time (Fig. 8B), but only had a slight effect
on total liver-infiltrating CD8+ cell frequency (Fig. 8C).

Next, to investigate if the mechanism by which NUDT1 pro-
motes CD103+ TRM cell longevity also relies on PARP1, Karonudib
or vehicle oral gavage were performed in 2OA-immunized
Parp1-/- mice and wild-type littermates. Karonudib failed to
abrogate CD103+ TRM cells in Parp1-/- mice after immunization
with 2OA-CFA for 12 weeks (Fig. 8D). Pharmacological inhibition
of PARP1 activity by Rucaparib also restored the frequency of
CD103+ TRM cells, as well as their TGFbRII and phosphor-Smad2/3
expression (Fig. 8E). In addition, Rucaparib treatment also
partially restored the frequency of KLRG1lowCD127high MPECs in
NUDT1-deficient T cells (Fig. S7A-B).

Taken together, genetic ablation or pharmacological blockade
of PARP1 restored NUDT1-deficient CD103+ TRM cell longevity
during 2OA-induced cholangitis and skewed the TRM cells to-
wards a long-lived MPEC phenotype.

Discussion
Liver-infiltrating PDC-E2-specific memory CD8+ T cells play a
leading role in biliary destruction in PBC progression. However,
phenotypic and functional characterization of effector CD8+ T
cells in PBC have been primarily confined to peripheral blood. In
this study, we have comprehensively studied intrahepatic
CD103+ TRM cells, with respect to their autoantigen-specificity,
near-BECs localization and cytotoxicity against BECs. We also
suggest that their antigen-dependent hyperactivation, and the
longevity phenotype are based upon NUDT1.

We previously proposed that residual CD103+ TRM cells may
trigger a robust and rapid recall response, resulting in recur-
rence of liver inflammation in patients with autoimmune
hepatitis discontinuing glucocorticoid treatment.24 In the
present study, we found an apparent link between baseline
CD103+ TRM cell numbers and response to UDCA in PBC. Hence,
CD103+ TRM cells may reflect the underlying disease state,
severity or prognosis, since UDCA response is regarded as a
disease-specific indicator for risk stratification and prognosis
in PBC.5,6

We also demonstrated that CD103+ TRM cells account for the
majority of PDC-E2-specific CD8+ T lymphocytes and present
direct cytotoxicity against BECs in PBC livers. This provides a
plausible explanation for the organ specificity and chronicity of
PBC, since the pathogenic CD103+ TRM cells exhibit a longevity
phenotype and rarely dislodge from their residence sites once
established. The data also suggests that future immune-based

=
(C) Serum ALP levels of indicated mice. (D) Liver-infiltrating CD69+CD103+ cell frequency from NUDT1OCD4 mice and NUDT1flfl control littermates immunized
with 2OA or control. (E) Representative H&E staining of liver portal areas and the mHAI score of the liver from indicated mice. (F) Serum ALP levels of indicated
mice. (G-H) T cells from NUDT1OCD4 or NUDT1flfl mice were adoptively transferred into 6-week-old Rag1-/- recipient mice; liver tissues were collected for his-
tological evaluation 8-weeks post-transfer. (G) Workflow of the experimental procedure. (H) Representative H&E staining of liver sections from different re-
cipients. Mean ± SEM. **p <0.01, ***p <0.001, ****p <0.0001. Mann-Whitney U test (A-H). ALP, alkaline phosphatase; mHAI, modified hepatitis activity index;
NUDT1, nucleoside diphosphate X hydrolase 1; 2OA, 2-octynoic acid.
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therapies of relapsed/refractory PBC could focus on the elimi-
nation of CD103+ TRM cells.

Persistent antigen stimulation limits the mitochondrial
oxidative capacity of T cells.19,32 Paradoxically, CD103+ TRM cells
within different tissues utilize increased mitochondrial OXPHOS
to support their longevity.21 One of the detrimental effects of
excess ROS derived from OXPHOS is oxidative DNA damage. We
revealed CD103+ TRM cells within PBC livers accumulate high

levels of ROS, but show decreased dNTP pool oxidation and
subsequent DDR, in line with previous reports that liver CD103+

TRM cells have longevity phenotypes.15,33 We noted that CD103+

TRM cells within PBC livers have higher expression of the enzyme
NUDT1. By comparing the different functions of NUDT1low and
NUDT1high CD103+ TRM subpopulations, together with a series of
further in vitro experiments, we also identified that NUDT1 po-
tentiates CD103+ TRM cell programming via PARP1-TGFb-Smad
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signaling. Adoptive co-transfer experiments revealed that
NUDT1 not only promotes intrahepatic CD103+ TRM cell survival,
but also skews TRM cells towards a long-lived MPEC phenotype in
a PARP1-dependent manner in vivo.

There remain limitations to our findings, including the fact
that animal experiments cannot perfectly mirror the patho-
physiology of human disease, especially the PBC-specific anti-
genic effects. Even so, we suppose that NUDT1, as the central hub
of metabolic reprogramming and DDR, could be key to deci-
phering the heterogeneity of TRM cells from an immunometab-
olism perspective.

The relationship between metabolic reprogramming, ROS
production, NUDT1 activity and DDR signaling in T cell-driven
autoimmunity remain controversial.28 Meanwhile, cellular
senescence characterized by morphological changes or DDR
factor expression is an intrinsic feature of cholangiocytes and
hepatocytes in PBC,34,35 and has a detrimental role in biliary
injury and impairment of liver regeneration.34,35 Therefore, using
broad-spectrum DNA-damaging targeted drugs may inflict
further biliary damage in PBC. However, NUDT1 expression is
extremely low in the hepatic parenchyma, suggesting reduced
toxicity if it is inhibited.

In summary, we identified CD103+ TRM cells as the major
fraction of PDC-E2-specific autoreactive CD8+ T cells within PBC
livers, while their inappropriate expansion, antigen-dependent
hyperactivation and longevity phenotype were dependent on
NUDT1 activity. On the basis of these investigations, we propose
a new paradigm for therapeutic immune modulation in PBC,
exploiting targeted manipulation of PARP1-centered DDRs, that
regulate TGFb signaling in CD103+ TRM cells. This approach al-
lows for highly selective suppression of autoantigen-specific
reactive T cells, displays clear therapeutic benefits, and has less
off-target toxicity.
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