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Immunomodulation and immune therapies

Research Article

Ursodeoxycholic acid impairs liver-infiltrating T-cell
chemotaxis through IFN-y and CX3CL1 production
in primary biliary cholangitis
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Ursodeoxycholic acid (UDCA) is the primary treatment for primary biliary cholangitis
(PBC), but its mechanism of action remains unclear. Studies suggest that UDCA enhances
NF erythroid 2-related factor 2 (NFE2L2) expression and that the interaction between IFN-
y and C-X3-C motif chemokine ligand 1 (CX3CL1) facilitates biliary inflammation in PBC.
Therefore, we examined the effects of UDCA on the expression of IFN-y and CX3CL1 in
in vitro and in vivo PBC models such as human liver tissue, a murine model, cell lines,
and isolated human intrahepatic biliary epithelial cells (IHBECs). We observed a significant
decrease in IFN-y mRNA levels and positive correlations between IFN-y and CX3CL1 mRNA
levels post-UDCA treatment in PBC livers. NFE2L2-mediated transcriptional activation was
significantly enhanced in UDCA-treated Jurkat cells. In 2-octynoic acid-immunized mice,
IFN-y production by liver-infiltrating T cells was dependent on NFE2L2 activation. IFN-y
significantly and dose-dependentlyinduced CX3CL1 expression, which was significantly
decreased in HuCC-T1 cells and IHBECs upon UDCA treatment. These results suggest that
UDCA-induced suppression of IFN-y and CX3CL1 production attenuates the chemotactic
and adhesive abilities of liver-infiltrating T cells in PBC.

Keywords: CX3CL1 - IFN-y - liver-infiltrating T cells - primary biliary cholangitis - ursodeoxy-
cholic acid

Additional supporting information may be found online in the Supporting Information section
at the end of the article.
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Introduction

Primary biliary cholangitis (PBC) is a progressive autoimmune
disease of the liver that exhibits Th1 cell cytokine predominance,
which is characterized by portal tract lymphocytic infiltration
and selective destruction of intrahepatic biliary epithelial cells
(IHBECs) [1-6]. IFN-y is known to stimulate the expression of C-
X3-C motif chemokine ligand 1 (CX3CL1) [7], a CX3C chemokine.
CX3CL1 and its receptor C-X3-C motif chemokine receptor 1
(CX3CR1) are recognized as key players in PBC-associated inflam-
mation [8]. Thl cells induce increased CX3CL1 expression in
IHBECs, resulting in infiltration by CX3CR1-expressing mononu-
clear cells (MNCs) including CD4 and CD8 T cells [9, 10].

Ursodeoxycholic acid (UDCA) treatment improves both bio-
chemical liver and liver pathology test results, and long-term
treatment delays histological progression and improves survival
rates in patients with early-stage PBC [11-14]. UDCA attenuates
IHBEC damage through multiple mechanisms including bile acid
pool modulation and choleretic, antiapoptotic, cytoprotective,
antioxidant, and potentially immunomodulatory effects [15-21].
However, the molecular pathways underlying the immunomod-
ulatory effects of UDCA on PBC have not been elucidated
completely. However, it is also known that UDCA activates NF
erythroid 2-related factor 2 (NFE2L2), a redox-sensitive transcrip-
tion factor, inducing the coordinated expression of antioxidant
genes [17, 22-24]. As NFE2L2 was recently demonstrated to
modulate proinflammatory cytokine expression [25-31], in this
study, we examined the effects of UDCA on IFN-y production by
liver-infiltrating T cells and CX3CL1 expression in IHBECs using
in vitro and in vivo models of PBC.

Results

Comparison of hepatic proinflammatory cytokine and
chemokine expression pre- and post-UDCA treatment

We examined pathological stages, cholangitis activities, and hep-
atitis activities upon UDCA treatment, and as expected, these
activities improved (Fig. 1A). We then examined the levels of
proinflammatory cytokines and chemokines in liver samples from
patients with PBC pre- and post-UDCA treatment. Interestingly,
the mRNA levels of IFN-y, IL4, and IL17 decreased significantly
post-UDCA treatment; however, there were no significant changes
in CX3CL1 or CX3CR1 mRNA levels (Fig. 1B). Although a signif-
icant association was not observed between IFN-y and CX3CLI
mRNA levels pre-UDCA treatment, there was a significant posi-
tive correlation post-UDCA treatment (Fig. 1C). Significant asso-
ciations were also observed between CX3CRI and CX3CL1 mRNA
levels both pre- and post-UDCA treatment (Fig. 1D). More-
over, hepatic NFE2L.2 protein levels increased significantly post-
UDCA treatment in patients with PBC (Supporting Information
Fig. S1).
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UDCA treatment enhances NFE2L2 activation in Jurkat
cells

To assess whether UDCA treatment could enhance NFE2L2 activa-
tion in T cells, we evaluated NFE2L2 transcriptional activity and
mRNA levels of NFE2L2 and NFE2L2-related antioxidant elements
in Jurkat cells with and without UDCA treatment. The luciferase
activity of the antioxidant responsive element (ARE) luciferase
reporter vector was upregulated in UDCA-treated Jurkat cells
(Fig. 2A). In addition, UDCA significantly increased the mRNA
levels of NFE2L2, heme oxygenase 1 (HMOX1), and NAD(P)H
quinone dehydrogenase 1 (NQO1) in Jurkat cells (Fig. 2B).

Induction of autoimmune cholangitis in
Nfe2I2-knockout mice

Based on the results in Jurkat cells, we next examined the effects
of NFE2L2 activation on proinflammatory cytokine expression
in liver-infiltrating T cells using a murine model of PBC. There
was no significant hepatic pathology in Nfe2l2+/*, Nfe2l2+/~,
or Nfe2l2~/~ mice without 2-octynoic acid-BSA (20A-BSA)
immunization. After immunization with 20A-BSA, histological
examination of Nfe2l2~/~ mice revealed significantly exacerbated
portal inflammation, lobular inflammation, bile duct damage, and
interface hepatitis (Fig. 3A and B). The absolute numbers of liver-
infiltrating MNCs and CD8 T cells were significantly elevated in
20A-BSA-immunized Nfe2l2~/~ mice compared with that in 20A-
BSA-immunized Nfe2I2*/* mice (Fig. 3C and Supporting Infor-
mation Fig. S2). IFN-y concentrations in serum and liver protein
extracts increased significantly in 20A-BSA-immunized Nfe2l2~/~
mice compared to those in 20A-BSA-immunized Nfe2I2*/* mice
(Fig. 4A and B). Significant increases in IFN-y-producing CD4 T
cells in the liver were noted in 20A-BSA-immunized Nfe2l2~/~
compared to those in 20A-BSA-immunized Nfe2l2*/* mice.
After 20A-BSA immunization, IFN-y-producing CD8 T cells in
the liver were not elevated in Nfe2l2~/~ mice compared to
those in Nfe2l2*/* mice. Additionally, there were no significant
changes in IL4- and IL17A-producing T cells in the livers of
20A-BSA-immunized Nfe2l2~/~ mice compared to those in
20A-BSA-immunized Nfe2l2*/* mice (Fig. 4C).

Induction of autoimmune cholangitis in
NFE2L2-enhanced mice using sulforaphane

We next examined liver pathology and proinflammatory cytokine
production by liver-infiltrating T cells in 20A-BSA-immunized
mice after treatment with sulforaphane (SFN), an NFE2L2 acti-
vator [32]. Given that treatment with UDCA has multiple effects,
we used SFN instead of UDCA to focus exclusively on the effects
of NFE2L2 activation on proinflammatory cytokine expression in
liver-infiltrating T cells. NFE2L2 mRNA levels were significantly
increased in liver-infiltrating MNCs from 20A-BSA-immunized
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Figure 3. Autoimmune cholangitis in Nfe212-modified mice with 20A-
BSA immunization. (A) Representative H&E-stained liver sections of
Nfe2l2+/+ (n = 14), Nfe212*/~ (n = 10), and Nfe212/~ (n = 12) mice
with and without 20A-BSA immunization from two independent exper-
iments. Scale bar = 50 pm, Magnification 100 x. (B) Scoring of portal
inflammation, lobular inflammation, bile duct damage, and interface
hepatitis after 20A-BSA immunization from two independent experi-
ments using Nfe2I2+/+ (n = 14), Nfe212*/~ (n = 10), and Nfe212~/~ (n =
12) mice. (C) Flow cytometric analysis of lymphocytic liver infiltration in
Nfe212-modified mice after 20A-BSA immunization. The absolute num-
bers of mononuclear cells (MNCs) and CD8 T cells in the livers after 20A-
BSA immunization from two independent experiments using Nfe212+/+
(n = 12), Nfe2l2+/~ (n = 11), and Nfe212~/~ (n = 10) mice were shown.
These numbers are expressed as the number of cells per gram of liver
tissue. All data are presented as mean + SD; *p < 0.05 and *p < 0.01,
determined by Kruskal-Wallis test followed by Dunn’s multiple com-
parisons test.

mice treated with SFN compared to those in dimethyl sulfoxide
(DMSO)-treated mice (Fig. 5A). Lobular inflammation and inter-
face hepatitis in pathological examination were significantly ame-
liorated in 20A-BSA-immunized mice treated with SFN compared
with those in control mice (Fig. 5B). Furthermore, there were ten-
dencies for amelioration in portal inflammation (p = 0.07) and
bile duct damage (p = 0.06) (data not shown). The absolute num-
bers of liver-infiltrating MNCs, CD4 T cells, B cells, and NK cells

© 2021 Wiley-VCH GmbH
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Table 1. Absolute numbers of liver infiltrating cells (x 10°/g)

DMSO (n=21) SEN (n=18) p-value
MNCs 511 + 2.68 3.15 + 1.10 <0.05
CD4 T cells 0.90 &+ 0.45 0.59 £ 0.25 <0.05
CD8 T cells 0.71 + 0.42 0.51 + 0.23 N.S.
B cells 1.33 + 0.50 0.95 £ 0.39 <0.05
NK cells 0.25 + 0.18 0.13 +£ 0.13 <0.01
NKT cells 0.32 £ 0.20 0.21 £ 0.13 N.S.

DMSO, dimethyl sulfoxide; SFN, sulforaphane; MNCs, mononuclear
cells; NK, natural killer.

were significantly reduced in 20A-BSA-immunized mice treated
with SFN compared with those in control mice (Table 1). While
SFN treatment did not result in significant changes in the frequen-
cies of IL4- and IL17A-producing T cells, it significantly decreased
the frequencies of IFN-y-producing CD4 and CD8 T cells (Fig. 5C).
Our data suggested that in 20A-BSA-immunized mice, autoim-
mune cholangitis and IFN-y production by liver-infiltrating T cells
were dependent on NFE2L2 activation.

Attenuation of IFN-y-induced CX3CL1 expression in
cholangiocytes by UDCA

The results described above clarify the relationship between IFN-
y production and NFE2L2 activation in liver-infiltrating T cells
of Nfe2l2-modified and NFE2L2-activated murine models of PBC.
We next examined the effects of UDCA treatment on CX3CL1 pro-
duction in IHBECs. CX3CLI mRNA levels in HuCC-T1 cells signif-
icantly decreased with decreasing IFN-y concentrations, regard-
less of UDCA treatment. Furthermore, with 5000, 1000, and
500 IU/mL IFN-y, CX3CL1 mRNA expression was significantly
suppressed by UDCA treatment (Fig. 6A). While total STAT1
expression remained unchanged, phosphorylated STAT1 (pSTAT1)
levels after 1000 IU/mL IFN-y stimulation were significantly
repressed by UDCA treatment (Fig. 6B and Supporting Informa-
tion Fig. S3). These results suggest that both decreased IFN-y
levels and UDCA treatment can attenuate CX3CL1 expression in
HuCC-T1 cells. Similarly, CX3CL1 mRNA levels were significantly
decreased by UDCA treatment in human IHBECs (Fig. 6C). More-
over, CX3CL1 protein levels were reduced in the supernatants of
UDCA-treated human IHBECs (Fig. 6D).

UDCA inhibits IFN-y-receptor interactions on
cholangiocytes

To clarify the mechanism underlying the inhibition of CX3CL1
production by UDCA, we examined whether UDCA inhibited IFN-
y binding to its receptors on HuCC-T1 cells. In HuCC-T1 cells
stimulated with IFN-y for 15 and 180 min, IFN-y concentra-
tions were significantly lower in UDCA-treated cells than those in
DMSO-treated cells (Fig. 7), suggesting that UDCA interferes with
IFN-y-receptor interactions on HuCC-T1 cells. Taken together,

www.eji-journal.eu
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Figure 4. Proinflammatory cytokine profiles in
Nfe2]2-modified mice with 20A-BSA immunization.
(A) Serum IFN-y levels after 20A-BSA immunization
measured by the BD™ Cytometric Bead Array (CBA)
and from two independent experiments using
Nfe2l2+/+ (n = 15), Nfe2l2+/~ (n = 11), and Nfe212~/~
(n = 11) mice. (B) IFN-y concentrations in liver pro-
tein extracts after 20A-BSA immunization measured
by the BD™ CBA and from two independent experi-
ments using Nfe212+/* (n =15), Nfe212*/~ (n =11),and
Nfe212~/~ (n = 13). (C) The frequencies of IFN-y-, IL4-,
and IL17A-producing CD4 and CD8 T cells in the
livers of Nfe212+/+, Nfe212*/~, and Nfe2l2~/~ mice
after 20A-BSA immunization and analyzed by flow
cytometry. The graphs were shown as one represen-
tative data from two independent experiments using
Nfe2l2+/+ (n = 13), Nfe2l2+/~ (n = 11), and Nfe212~/~
(n = 13) mice. All data are presented as mean + SD;
*p < 0.05, *p < 0.01, and "™p < 0.001, determined
by Kruskal-Wallis test followed by Dunn’s multiple
comparisons test.

Figure 5. Autoimmune cholangitis and proinflam-
matory cytokine profiles in the livers of 20A-
BSA-immunized mice with NFE2L2 activation. (A)
NFE2L2 mRNA levels normalized to GAPDH in liver-
infiltrating mononuclear cells (MNCs) from 20A-
BSA-immunized mice treated with (n = 10) or with-
out (n = 12) sulforaphane (SFN) in two independent
experiments and measured by quantitative PCR. Val-
ues obtained from mice treated with dimethyl sul-
foxide (DMSO) were set to 1. (B) Scoring of lobular
inflammation and interface hepatitis in 20A-BSA-
immunized mice treated with (n = 24) or without (n
= 20) SFN in three independent experiments. (C) The
frequencies of IFN-y-, IL4-, and IL17A-producing CD4
and CD8 T cells in the livers of 20A-BSA-immunized
mice treated with or without SFN and measured by
flow cytometry. The graphs were shown as one rep-
resentative data from two independent experiments
using 20A-BSA-immunized mice treated with (n = 9)
or without (n = 11) SFN. All data are presented as
mean + SD; *p < 0.05, ™p < 0.01, and *p < 0.001,
determined by Mann-Whitney U test.
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Figure 6. Ursodeoxycholic acid (UDCA) suppresses IFN-y-induced
CX3CL1 production in HuCC-T1 cells and intrahepatic biliary epithe-
lial cells (IHBECs) from a patient with primary biliary cholangitis (PBC).
CX3CL1 production was analyzed in HuCC-T1 cells preincubated with
dimethyl sulfoxide (DMSO) or UDCA for 3 h before the 3 h treatment
with IFN-y. (A) CX3CL1 mRNA levels normalized to GAPDH at vari-
ous IFN-y concentrations and measured by quantitative PCR. Values
obtained with DMSO alone were set to 1. Three independent exper-
iments with four samples per group in each experiment were per-
formed. *p < 0.05, *p < 0.01, and ***p < 0.001, determined by one-way
ANOVA followed by Tukey’s multiple comparisons test; ¥p < 0.05, #p <
0.01, and **p < 0.001, determined by unpaired t-test. (B) Representa-
tive immunoblot analyses of 1000 IU/mL IFN-y-induced pSTAT1, STAT1,
and GAPDH protein expressions are shown on the left panel. The quan-
tification of pSTAT1 expression normalized to STAT1 is shown on the
right panel. Three independent experiments with three or four samples
per group in each experiment were performed. *p < 0.05, determined by
a paired t-test. (C) CX3CL1 mRNA levels normalized to GAPDH in con-
trol and IFN-y-stimulated human IHBECs and measured by quantitative
PCR. Values obtained from control cells were set to 1. One experiment
with three samples per group was performed. (D) CX3CL1 protein lev-
els in the supernatants of control and IFN-y-stimulated human IHBECs
measured by ELISA. One experiment with three samples per group was
performed. *p < 0.01 and ***p < 0.001, determined by one-way ANOVA
followed by Tukey’s multiple comparisons test. All data are presented
as mean =+ SD.

the data of this study indicate that UDCA both decreases IFN-y
production in liver-infiltrating T cells by activating NFE2L2 and
inhibits IFN-y from binding to its receptors on IHBECs, resulting
in decreased CX3CL1 expression in these cells (Fig. 8).

© 2021 Wiley-VCH GmbH
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Figure 7. Ursodeoxycholic acid (UDCA) interferes with IFN-y binding to
its receptors on HuCC-T1 cells. IFN-y concentrations were analyzed by
the BD™ Cytometric Bead Array in HuCC-T1 cell lysates treated with
1000 IU/mL IFN-y with 300 pM UDCA or dimethyl sulfoxide (DMSO) for
15 or 180 min. Three independent experiments with three or four sam-
ples per group in each experiment were performed. All data are pre-
sented as mean =+ SD; *p < 0.05, determined by unpaired t-test.

Discussion

UDCA is the first-line treatment for patients with PBC and is
associated with improved survival without the need for liver
transplantation [33,34]. However, the mechanism by which
UDCA affects the immune response in autoimmune cholangitis is
unclear. Previous studies have reported the activation of NFE2L2
signaling by UDCA in vivo and in vitro. UDCA increases NFE2L2
phosphorylation and promotes its translocation from the cyto-
plasm to the nucleus in Barrett’s esophagus cells [22]. UDCA
treatment also results in dose- and time-dependent increases in
NFE2L2 expression in mouse vascular smooth muscle cells [23].
Furthermore, we previously demonstrated enhanced NFE2L2 acti-
vation and increased expression of NFE2L.2-regulated antioxidant
proteins in the livers of patients with PBC after UDCA treatment
[17]. While NFE2L2 plays a crucial role in mitigating oxidative
stress, its potential as a regulator of anti-inflammatory immune
responses is a relatively recent notion. In the early phase of
inflammation, NFE2L2 binds to AREs in the promoter regions of
proinflammatory cytokine genes and inhibits their transcription in
a ROS-independent manner. Additionally, in late-phase inflamma-
tion, NFE2L2 induces the transactivation of antioxidant enzymes
and other cytoprotective genes in a ROS-dependent manner [26].
Recent studies have demonstrated that NFE2L2 activation might
alter the Th1/Th2/Th17 cell balance [27-29, 35]. Here, we pro-
vide evidence that NFE2L2 affects immune regulation in autoim-
mune cholangitis. However, CX3CL1 mRNA levels did not differ
in HuCC-T1 cells treated with or without UDCA, and there was
no association between NFE2L2 activation and CX3CL1 levels
in Nfe2l2-modified mice after 20A-BSA immunization (data not
shown), indicating that NFE2L2 might not be directly involved in
CX3CL1 production in hepatic biliary cells. This prompted us to
examine potential effects of UDCA on IFN-y-receptor binding on
IHBECs.

The major findings of this study are as follows. First, IFN-y
mRNA levels were significantly decreased and positively corre-
lated with CX3CL1 mRNA levels in livers with PBC post-UDCA
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Figure 8. Model of the mechanism through which ursodeoxycholic acid (UDCA) attenuates the chemotactic and adhesive abilities of liver-
infiltrating T cells in primary biliary cholangitis (PBC). Created by the authors themselves on PowerPoint. JAK1; Janus kinase 1; KEAP1; Kelch-like
ECH-associated protein 1, pSTAT1; phosphorylated signal transducers and activators of transcription.

treatment. Second, UDCA upregulated the transcriptional activ-
ity of NFE2L2 in Jurkat cells. Third, IFN-y production in liver-
infiltrating CD4 T cells was dependent upon NFE2L2 activation in
20A-BSA-immunized mice. This conclusion is also supported by
the observation that increased NFE2L2 transcriptional activity in
20A-BSA-immunized mice treated with SFN resulted in decreased
liver IFN-y-producing T cells. Last, [FN-y-induced CX3CL1 expres-
sion and STAT1 phosphorylation in biliary epithelial cells were
significantly reduced in a dose-dependent manner, and UDCA
repressed IFN-y-induced CX3CL1 expression in biliary epithelial
cells by inhibiting IFN-y binding to its receptors. Together, these
results indicate that UDCA suppresses IFN-y production by liver-
infiltrating T cells and CX3CL1 expression in IHBECs, attenuating
the chemotactic and adhesive abilities of liver-infiltrating MNCs,
and improving cholangitis (Fig. 8).

We have systematically examined the interplay among IFN-vy,
CX3CL1, and NFE2L2 upon UDCA treatment of PBC. Our study
confirms that UDCA enhances NFE2L2 activation and increases
the expression of NFE2L2 target genes in Jurkat cells. However, a
previous study demonstrated that modulation of NFE2L2 activity
had no effect on proinflammatory cytokine production in Jurkat
cells [36]. Therefore, we studied the influence of NFE2L2 mod-
ulation on the production of inflammatory cytokines in liver-
infiltrating T cells in mice with autoimmune cholangitis. We
showed that IFN-y production by liver-infiltrating T cells was
dependent on NFE2L2 activation in 20A-BSA-immunized mice.
The immunoregulatory effects observed for UDCA are consis-
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tent with previous observations. For example, the immunomod-
ulatory effects of UDCA include reduced MHC class I and class
IT expression in hepatocytes and biliary epithelial cells [37,38]
and normalization of NK cell activity through the inhibition of
prostaglandin E2 production [39]. In addition, UDCA reduces
IFN-y production in liver lymphocytes via the glucocorticoid
receptor [40]. Our results indicate that UDCA acts through dual
pathways to suppress IFN-y production in liver-infiltrating T cells,
signaling through both the glucocorticoid receptor, as mentioned
above, as well as through the NFE2L2 pathway.

Thl and Th17 cell signaling pathways are both involved in
the pathophysiology of PBC. While Th1 cytokines, especially IL-
12 and IFN-v, are associated with biliary inflammation and injury
during the initiation process, after a shift in the Th1/Th17 bal-
ance, Th17 cytokines predominate, which correlates with the
perpetuation of ongoing pathology in advanced-stage PBC [1].
CX3CL1, also known as fractalkine, is associated with the devel-
opment of chronic nonsuppurative destructive cholangitis in PBC.
Increasing CX3CL1 production in vascular endothelial cells via
TLR3 and TLR4 stimulation and in IHBECs helps recruit CX3CR1-
expressing MNCs, including CD4 and CD8 T cells, to these cells.
The stimulation of Th1 cytokines from CX3CR1-expressing MNCs
and TLR4 activation further augment the production of CX3CL1
from IHBECs, facilitating the development of chronic nonsuppu-
rative destructive cholangitis [9,10]. Thus, Thl cytokines and
CX3CL1 signaling are potential molecular targets for PBC treat-
ment. In this study, we observed decreased IFN-y mRNA levels
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but no changes in CX3CL1 and CX3CRI mRNA levels in PBC liver
samples after UDCA treatment. The mechanisms underlying alter-
ations in CX3CL1 expression or the Th1/Th17 balance in patients
with PBC during UDCA treatment have not yet been clarified.
This study is the first assessment of changes in proinflammatory
cytokines and CX3CL1 expression after UDCA treatment in PBC
livers. Importantly, not only did we observe a decrease in IFN-y
mRNA expression, but also significant correlations between IFN-y
and CX3CL1 levels in the liver.

Our study has several limitations. First, neither were we able to
compare the expression of NFE2L2 or proinflammatory cytokines
in liver-infiltrating T cells nor chemokine expression in IHBECs in
patients with PBC displaying adequate and inadequate responses
to UDCA treatment. Second, while this study demonstrates for
the first time that UDCA inhibits the binding of IFN-y to its recep-
tors, followed by the suppression of STAT1 phosphorylation and
CX3CL1 production in IHBECs, the mechanism by which UDCA
interferes with IFN-y-receptor interactions remains unknown, and
will require further study.

In conclusion, our data indicate that UDCA activates NFE2L2
in liver-infiltrating T cells by reducing IFN-y production. The
decreased IFN-y level, combined with the inhibition of IFN-y
binding to receptors on IHBECs, results in reduced CX3CL1
expression in these cells. Together, the suppressed IFN-y pro-
duction in liver-infiltrating T cells and CX3CL1 production in
IHBECs attenuates the chemotaxis of liver-infiltrating T cells and
improves cholangitis.

Materials and methods
Human studies

Liver samples from sequential biopsies

Fifteen patients (3 males, 12 females; median age 60 + 22 years)
diagnosed with PBC in the Hepatology Division of the Depart-
ment of Internal Medicine II at Hamamatsu University School of
Medicine were included in this study. PBC diagnosis was based
on the guidelines for the management of PBC proposed by the
Intractable Hepatobiliary Disease Study Group, supported by the
Ministry of Health, Labour and Welfare of Japan [41]. Patient
selection was based on the availability of liver samples both pre-
and post-UDCA treatment. All patients underwent their first liver
biopsy before UDCA treatment, and their second biopsies were
performed 2.7 &+ 1.0 years after UDCA treatment (600 mg/day).
All patients provided informed consent, and the study protocol
was approved by the Ethics committee of Hamamatsu University
School of Medicine and conformed to the ethical guidelines of the
Declaration of Helsinki.

Liver tissues from sequential liver biopsies were fixed in for-
malin and embedded in paraffin, and subsequently stained with
H&E. In addition, portions of the liver samples were immediately
frozen in liquid nitrogen and stored at —80°C until use. Histolog-
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ical staging of PBC was evaluated using the Nakanuma histologic
staging and grading system [42,43] by a pathologist (M.G.) who
was blinded to the clinical data.

Intrahepatic biliary epithelial cells

Human IHBECs were obtained from a patient with end-stage
PBC who underwent orthotopic liver transplantation at Kyusyu
University Hospital. Isolation of IHBECs was performed as previ-
ously described [44]. The purity of the isolated cells was >90%,
based on immunohistochemical staining of cytokeratin 7 and
cytokeratin 19 (Dako, Glostrup, Denmark). Cells were used after
4-6 passages. This protocol was approved by the Research Ethics
Committee of Kyusyu University.

Jurkat cells and HuCC-T1 cells

Human T cell lymphoma Jurkat cells (RCB3052) and human
intrahepatic cholangiocarcinoma HuCC-T1 cells (CRB0425) were
purchased from RIKEN BRC through the National Bio-Resource
Project of the MEXT/AMED (Japan) and the Health Science
Research Resources Bank (Japan), respectively. The cells were
grown in Roswell Park Memorial Institute (RPMI) 1640 Gluta-
MAX medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Thermo Fisher Scientific), 100 mg/mL streptomycin, and
100 U/mL penicillin (Thermo Fisher Scientific) at 37°C in a
humidified incubator with 5% CO,. For serum-reduced condi-
tions (FBS < 1%), 1 x Insulin Transferrin Selenium solution (ITS;
Thermo Fisher Scientific) was added to the medium instead of
FBS.

Plasmids and luciferase reporter assays

To construct the ARE luciferase reporter vector, oligonucleotides
containing four ARE copies (TGACxxxGC) were inserted into the
linearized pGL4.27 vector (Promega, Madison, WI, USA) using
the In-Fusion HD Cloning Kit (Takara Bio, Tokyo, Japan). Jurkat
cells (5.0 x 10%) were seeded in 12-well plates and transiently
transfected with the ARE luciferase reporter vector by electropo-
ration using the Neon Transfection System (Thermo Fisher Scien-
tific). Cells were incubated in serum-free RPMI 1640 medium with
300 wM UDCA or DMSO for 24 h. The activity of the ARE reporter
vector was measured using the Dual-Luciferase Reporter Assay
System (Promega) and an Infinite 200 Pro multimode reader
(TECAN, Kanagawa, Japan). Firefly luciferase activity expressed
from the ARE reporter vector was normalized to Renilla luciferase
activity expressed from cotransfected pGL4.73.

Cell culture
HuCC-T1 cells were pretreated in serum-free medium supple-

mented with ITS with or without 300 uM UDCA for 3 h. Then,
0, 500, 1000, or 5000 IU/mL IFN-y was added for an additional
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15 or 180 min. Human THBECs were pretreated in serum-free
medium supplemented with ITS containing 300 uM UDCA for 3 h;
500 IU/mL IFN-y was then added for an additional 3 h. The cells
were harvested to extract proteins for IFN-y concentration mea-
surements and immunoblot analysis or RNA for RT-PCR, and the
medium was collected to measure the CX3CL1 concentration.

IFN-y and CX3CL1 measurements

IFN-y concentrations in protein extracts were quantified using
the BD™ Cytometric Bead Array (CBA) Human Th1/Th2/Th17
Cytokine Kit (BD Biosciences, San Jose, CA, USA). Supernatant
CX3CL1 concentrations were determined using a Quantikine
enzyme-linked immunosorbent assay kit (R&D Systems, Min-
neapolis, MN, USA).

Immunoblot analysis

Frozen human liver tissues and HuCC-T1 cells were homoge-
nized in protein extraction buffer (Santa Cruz Biotechnology, Dal-
las, TX, USA) containing a complete protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany). Lysates were diluted
1:1 with 2 x Laemmli sample buffer (Bio-Rad, Hercules, CA, USA)
for SDS-PAGE on Mini-PROTEAN® TGX™ Precast Protein Gels
(Bio-Rad). The resolved proteins were electrophoretically trans-
ferred to polyvinylidene difluoride membranes using the iBlot Dry
Blotting System (Thermo Fisher Scientific), which were blocked
for 1 h at room temperature in TBST (20 mM Tris-HCI, pH 7.6,
137 mM NacCl, 0.5% Tween 20) containing 10% nonfat dry milk,
and probed with the following primary antibodies: rabbit poly-
clonal anti-NFE21.2 (Santa Cruz Biotechnology; 1:100 dilution),
rabbit polyclonal anti-GAPDH (Trevigen, Gaithersburg, MD, USA;
1:1000 dilution), mouse monoclonal anti-STAT1 (Cell Signaling
Technology, Danvers, MA, USA; 1:1000 dilution), and rabbit mon-
oclonal anti-pSTAT1 (Tyr701; Cell Signaling Technology, 1:1000
dilution). Bound primary antibodies were detected using the cor-
responding anti-rabbit or anti-mouse IgG HRP-conjugated sec-
ondary antibodies (Santa Cruz Biotechnology; 1:5000 dilution)
and visualized by chemiluminescence using Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare Bio-Sciences,
Uppsala, Sweden). Bands were quantified by densitometry using
the software Image Lab version 5.2 (Bio-Rad) to obtain OD values,
which were normalized to GAPDH.

RNA extraction and RT-PCR

Total RNA was extracted from Jurkat cells, HuCCT-1 cells, human
IHBECs, and formalin-fixed, paraffin-embedded human liver tis-
sues from sequential liver biopsies after deparaffinization using
TRI Reagent (Molecular Research Center, OH) and reverse tran-
scribed using the SuperScript VILO cDNA Synthesis Kit (Thermo
Fisher Scientific). Aliquots of cDNA were subjected to 40 cycles
of PCR amplification. Primer sequences are shown in Support-

© 2021 Wiley-VCH GmbH

Immunomodulation and immune therapies

ing information Table S1. Quantitative PCR was performed in the
CFX Connect Real-Time System (Bio-Rad) using THUNDERBIRD
SYBR qPCR mix (Toyobo, Osaka, Japan). Thermal cycling condi-
tions were as follows: 1 min at 95°C, followed by 40 cycles at 95°C
for 15 s and 60°C for 30 s. RNA expression data were normalized
to GAPDH using the comparative threshold cycle method.

Murine studies

All animal experiments described below were performed with the
approval of the Hamamatsu University School of Medicine Animal
Care and Use Committee.

Induction of autoimmune cholangitis in
Nfe2]12-knockout mice

Female WT C57BL/6JJmsSlc (B6) mice (Nfe2l2+/*) were pur-
chased from Japan SLC, Inc. (Hamamatsu, Japan). B6.129P2-
Nfe2l2 <tm1Mym>/MymRbrc (Nfe2l2~/~ and Nfe2l2*/~) mice
were purchased from RIKEN BRC through the National BioRe-
source Project of the MEXT/AMED (Tsukuba, Japan) [45]. All
mice were 6-10 weeks old and were housed in pathogen-free con-
ditions. Autoimmune cholangitis was induced using 20A, a syn-
thetic chemical mimic of lipoic acid-lysine located within the inner
domain of the E2 subunit of the pyruvate dehydrogenase complex,
coupled with BSA (20A-BSA) as previously described [46-48].
As control, another group of mice was injected in parallel with
100 pL of PBS.

Induction of autoimmune cholangitis in
NFE2L2-activated mice

SFN, an NFE2L2 activator, was dissolved in DMSO. Autoimmune
cholangitis was induced as described above, and the mice were
intraperitoneally injected with either SFN (0.5 ng/g per body
weight) or DMSO thrice weekly for 8 weeks after the initial 20A-
BSA immunization. At the end of the 8-week treatment, the mice
were sacrificed, and their livers, spleens, and serum were imme-
diately collected.

Murine liver analysis

Histological staging of murine cholangitis was evaluated using
a defined scoring system by a blinded pathologist (K.T.). Portal
inflammation and lobular inflammation were assigned severity
and frequency scores. The severity scores were as follows: O,
none; 1, minimal; 2, mild; 3, moderate; and 4, severe. The fre-
quency scores were as follows: 0, none; 1, 1-10%; 2, 11-20%;
3, 21-50%; and 4, >50%. Bile duct damage was also assigned
severity and frequency scores. The severity scores were as follows:
0, none; 1, epithelial damage; 2, epithelial damage with nuclear
changes; 3, chronic nonsuppurative destructive cholangitis; and
4, bile duct loss. The frequency scores were as described above.
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Interface hepatitis was graded as follows: 0, none; 1, minimal; 2,
mild; 3, moderate, and 4, severe.

For flow cytometry, liver-infiltrating MNCs were isolated using
density gradient centrifugation with Histopaque-1077 (Den-
sity: 1.077; Sigma-Aldrich, St Louis, MO, USA). Then, isolated
liver-infiltrating MNCs were incubated with purified anti-mouse
CD16/32 antibody as Fc receptor blocking reagent (Biolegend,
San Diego, CA, USA) and stained with a cocktail of PE/Cyanine7-
conjugated anti-CD4 antibody, PerCP/Cyanine5.5-conjugated
anti-CD19 antibody, APC/Cyanine7-conjugated anti-NK1.1
antibody, and APC-conjugated anti-T-cell receptor B antibody
(Biolegend). A FACSAria (BD Biosciences) flow cytometer was
used to acquire the data, which were analyzed with BD FACSDiva
software version 6.1.3 (BD Biosciences).

To measure intracellular proinflammatory cytokines in liver-
infiltrating T cells, MNCs were incubated in RPMI 1640 GlutaMAX
medium with 100 pwg/mL streptomycin, 100 U/mL penicillin, and
2 pL/mL Leukocyte Activation Cocktail, with BD GolgiPlug (BD
Biosciences) for 4 h at 37°C in a humidified incubator with 5%
CO;. The cells were stained with PE/Cyanine7-conjugated anti-
CD4 antibody, APC/Cyanine7-conjugated anti-NK1.1 antibody,
and APC-conjugated anti-T-cell receptor § antibody, fixed and per-
meabilized with BD Cytofix/Cytoperm Solution (BD Biosciences),
and subsequently stained with FITC-conjugated anti-IFN-y
antibody, PE-conjugated anti-IL4 antibody, and PerCP/Cyanine
5.5-conjugated anti-IL17A antibody (Biolegend). IgG isotype
controls were used in parallel. Flow cytometry analyses were
conducted accordingly to the guidelines used for immunological
studies [49].

For measurements of IFN-y levels in serum and liver protein
extracts, IFN-y concentrations were quantified using the BD™
CBA Mouse Th1/Th2/Th17 cytokine kit (BD Biosciences).

Finally, to quantify NFE2L2 and HMOXI mRNA, total RNA was
extracted from liver samples, and RT-PCR was performed using
the primer sequences shown in Supporting information Table S1.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
(version 6.0; GraphPad Software, San Diego, CA, USA). Data are
expressed as the mean + SD and were evaluated with Wilcoxon
matched-pairs signed rank tests, unpaired t tests, Mann-Whitney
U tests, one-way ANOVA followed by Tukey’s multiple compar-
isons tests, or Kruskal-Wallis tests followed by Dunn’s multiple
comparisons tests, as appropriate. Correlation coefficients were
calculated by linear correlation analysis. p < 0.05 was considered
statistically significant.
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