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Bidirectional Cross-Talk between Biliary Epithelium and
Th17 Cells Promotes Local Th17 Expansion and Bile Duct
Proliferation in Biliary Liver Diseases
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There is no effective treatment for autoimmune biliary diseases. Therefore, understanding their immunopathology is crucial. The biliary
epithelial cells (BEC), expressing TLR-4, are constantly exposed to gut microbes and bacterial wall LPS, and in settings of inflammation,
the immune infiltrate is dense within the peribiliary region of human liver. By dual immunohistochemistry, we affirm human intra-
hepatic T cell infiltrate includes CCR6"CD4* and AhR*CD4* T cells with potential for plasticity to Th17 phenotype. Mechanistically,
we demonstrate that Thl and Th17 inflammatory cytokines and LPS enhance human primary BEC release of the CCR6 ligand
CCL20 and BEC secretion of Th17-polarizing cytokines IL-6 and IL-1f. Cell culture assays with human BEC secretome showed that
secretome polarizes CD4 T cells toward a Th17 phenotype and supports the survival of Th17 cells. BEC secretome did not promote
Thl1 cell generation. Additionally, we give evidence for a mutually beneficial feedback of the type 17 cell infiltrate on BEC, showing that
treatment with type 17 cytokines increases BEC proliferation, as monitored by Ki67 and activation of JAK2-STAT3 signaling. This
study identifies human BEC as active players in determining the nature of the intrahepatic immune microenvironment. In settings of
inflammation and/or infection, biliary epithelium establishes a prominent peribiliary type 17 infiltrate via recruitment and retention
and enhances polarization of intrahepatic CD4 cells toward Th17 cells via type 17 cytokines, and, reciprocally, Th17 cells promote
BEC proliferation for biliary regeneration. Altogether, we provide new insight into cross-talk between Th17 lymphocytes and human

primary biliary epithelium in biliary regenerative pathologies.

he autoimmune biliary diseases, including primary sclerosing

cholangitis (PSC) and primary biliary cholangitis (PBC),

account for a significant proportion of patients with chronic
liver disease who develop fibrosis and cirrhosis (1). Currently, there
are no effective treatments for these conditions. To develop suitable
therapies, it is necessary to understand the pathological mechanisms
that underlie their development.

IL-17-secreting Th cells (Th17 cells) differentiate from naive
CD4 T cells in response to specific combinations of cytokines that
include TGF-3 and IL-6 (2-5). Th17 cells play critical roles in the
immune defense response against pathogens and contribute to the
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pathogenesis of inflammatory diseases in both mice and humans
(6-8). They are involved in the pathogenesis of autoimmune diseases
like psoriasis, multiple sclerosis, and rheumatoid arthritis (9—12) and
have been implicated in autoimmune liver diseases (8, 13). However,
recent findings indicate a possible immune protective role for Th17
cells within certain tissue sites and/or microenvironments (14). For
example, anti-IL-17A therapy (secukinumab) is effective in the
treatment of psoriasis; however, it leads to exacerbation of Crohn
disease in a clinical trial (15). Consistent with this, populations of
IL-17—expressing cells that are nonpathogenic are now being char-
acterized (14, 16, 17).
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We previously reported Th17 cell accumulation and localization
around bile ducts (8). Although periductal IL-17 production has
been shown to contribute to the pathogenesis of cholangiopathies
(18), the importance of the nonpathogenic IL-17 cell populations
in biliary protection and restraining the progression of biliary
disease toward end-stage liver disease has not been formally
addressed. In addition, gut microbes have been shown to direct
the differentiation of Th17 cells in the small intestine (19). For
example, Th17 cell proliferation is promoted by segmented fila-
mentous bacteria, whereas Bacteroides fragilis, a gut commensal
bacterium, dampens IL-17 production (17). Our previous work
also demonstrated that bacteria-exposed biliary epithelial cells
(BEC) can activate mucosal-associated invariant T cells (20), lead-
ing to the hypothesis that bile ducts stimulated by bacteria may
be able to attract and induce the differentiation of other infiltrating
CD4 T cells.

In this study, we investigated the mechanisms by which inflamed
BEC induce functional Th17 generation in the peribiliary he-
patic microenvironment and the feedback effect on BEC survival
and proliferation. We detected increased production of the CCR6
ligand, chemokine CCL20, by BEC under inflamed conditions and
found that BEC secretome induced by Th17 cytokines induced the
differentiation of CD4 T cells toward a Th17 phenotype and their
survival. Taken together, our data suggest that paracrine signaling
networks in the hepatic microenvironment lead to the recruitment
and persistence of Th17 cells and Th17 differentiation in human
liver diseases. Furthermore, we identify an important relationship
wherein the Th17 cytokines generated by the peribiliary Th17
population support biliary repair.

Materials and Methods

Use of human tissue

All studies using human tissues were reviewed and approved by an
appropriate institutional ethics review committee. Ethical permission
for the use of human liver tissue for research was granted by the local
research ethics committee (approval no. CA/5192).

Isolation of primary human BEC

Primary human BEC were isolated from explanted liver disease tissue or
from normal donor liver surplus to transplant requirements, as previously
described (21, 22), obtaining cultures that are >95% positive for the ep-
ithelial marker CK18 and the marker CK19, specific to BEC of the liver
but negative for the endothelial protein CD31 and fibroblast marker CD90/
Thy-1 (22).

Briefly, liver (~30 g) was finely diced and incubated with collagenase
type 1A (Sigma-Aldrich, St. Louis, MO). The digest was layered onto a 33
and 77% Percoll gradient and centrifuged at 500 X g for 30 min. The
interface layer was collected, washed three times in PBS, and incubated
with the cholangiocyte-specific mAb to Human Epithelial Antigen 125
(Progen, Heidelberg, Germany). BEC were positively selected by incu-
bating with anti-mouse IgGl-coated Dynabeads (Invitrogen, Carlsbad,
CA) followed by magnetic separation. The cells were cultured in a 1:1 mix
of DMEM and Hams F12 medium supplemented with heat-inactivated
human serum (10% v/v; TCS Biosciences, Buckingham, U.K.), penicil-
lin, streptomycin (100 pg/ml) and glutamine (2 mM; Life Technologies),
hepatocyte growth factor (10 ng/ml; Peprotech, London, U.K.), epidermal
growth factor (10 ng/ml; Peprotech), cholera toxin (10 ng/ml; Sigma-
Aldrich), tri-iodo-thyronine (2 nM; Sigma-Aldrich), hydrocortisone
(2 pg/ml; Queen Elizabeth Hospital, Birmingham, U.K.), and insulin
(0.124 p/ml; Queen Elizabeth Hospital). Cells were grown in 25-cm?
tissue culture flasks coated with rat tail collagen with regular medium
exchanges until they became a confluent monolayer, then expanded into
75-cm? tissue culture flasks coated with rat tail collagen. Cells were used
between passages two and six to ensure phenotypic stability.

Isolation of liver-infiltrating lymphocytes

Fresh isolation of human liver-infiltrating lymphocytes from various dis-
eased explanted livers was carried out for ex vivo phenotyping (21). Briefly,
resected liver tissue was diced into 5-mm> cubes and placed for 5 min

at 260 rpm in a Stomacher 400 circulator (Seward, U.K.). Mechanical
digestion was applied to preserve chemokine receptors, resultant homoge-
nized tissue was filtered through a fine gauze mesh, and lymphocytes were
separated by layering the suspension over a Lympholyte density gradient
(Cedarlane) and centrifugation at 800 X g for 30 min.

Cytokine stimulation

To study proliferation, apoptosis, and necrosis of BEC, primary BECs were
cultured for 24 h in BEC media supplemented with the following: culture
medium only (control), IL-17 (50 ng/ml), IL-22 (20 ng/ml), TNF-a (10 ng/ml),
IFN-y (100 ng/ml), or TNF-a (10 ng/ml) + IFN-y (100 ng/ml) (all from
Peprotech).

Cell death and proliferation assays

Cell death after stimulation with recombinant human Thl7-related cyto-
kines (IL-17, IL-22, TNF-a, IFN-vy, or TNF-a + IFN-y in combination for
24 h) was assessed by using Annexin V to detect apoptosis and 7-AAD for
necrotic cell detection. Confluent monolayers were trypsinized and
resuspended in 1 X binding buffer (0.1 M HEPES [pH 7.4], 1.4 M NacCl,
25 mM CaCl,). Annexin V and 7-AAD were added to each sample and
incubated on ice in the dark for 15 min and then fixed in 2% parafor-
maldehyde before analysis on a Dako Cytomation CyAn flow cytometer.
Data were analyzed using Summit software version 4. Proliferation after
stimulation with recombinant human Thl7-related cytokines was mea-
sured using flow cytometry and in situ Ki67 staining. For in situ analysis of
Ki67, confluent monolayers of cells grown in 24-well plates were fixed in
methanol for 10 min at room temperature, washed in PBS, and then stained.
Endogenous peroxidase activity was blocked using 0.3% H,0O, in methanol
for 5 min. After washing wells with PBS, Ag retrieval was performed using
proteinase K (30 mg/ml; Qiagen) for 30 min at 37°C. The wells were washed
twice in PBS and blocked with 10% horse serum for 20 min, after which
the primary Ab (anti-Ki67 Ab; SP6, ab1667; Abcam) was incubated for 1 h.
Excess Ab was removed by washing using PBS, and the secondary Imm-
PRESS (Vector Labs) reagent was added for 30 min. The wells were washed
in PBS, and the AEC substrate (Vector Labs) was added for 30 min. The
reaction was stopped using distilled water, and the cells were counterstained
using Mayers hematoxylin. The counterstain was developed in tap water,
and the samples were left in tap water at 4°C until they were counted using a
light microscope. Three random fields of each sample were counted.

BEC cytokine and chemokine secretion

BEC were plated in rat tail collagen—coated 24-well plates at a density of
65,000 cells per well and allowed to adhere overnight. Adherent cells were
then treated with untreated culture medium or medium containing IL-17
(50 ng/ml; Miltenyi Biotec), TNF-a (10 ng/ml; Peprotech) + IFN-y (10 ng/ml;
Peprotech), or LPS (1 pg/ml; Sigma-Aldrich) for 24 h. Culture volumes
of 300 pl/well were used. Cell supernatants were analyzed by Luminex
(Bio-Rad), according to the manufacturer’s instructions to measure the
concentrations of IL-1@, IL-6, TGF-B1, and CCL20. All measurements
were performed in duplicate for each experiment.

Western blotting

JAK?2, STAT3, and phospho-STAT3 expression by BECs was examined by
Western blotting. For Western immunoblotting studies, BEC were lysed at
the end of the relevant experimental period using Nonidet P-40 lysis buffer
(20 mM TRIS-HCI [pH 8], 137 mM NaCl, 10% glycerol, 1% Nonidet P-40,
2 mM EDTA [all from Sigma-Aldrich]). Protein concentration was de-
termined by Bradford protein assay, and 25 pg of protein was resolved on
a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane
(Hybond; Amersham Biosciences). The blotted membrane was blocked for
1 h at room temperature in TBS (pH 7.4)/Tween 0.1% (Sigma-Aldrich)
containing 5% (w/v) BSA (A9418; Sigma-Aldrich). All primary Ab in-
cubations were performed overnight at 4°C in TBS/Tween 0.1% containing
5% BSA (w/v). The incubation steps were followed by three washing steps
of 5 min with TBS containing 0.1% Tween. All primary Abs were used at a
dilution of 1:1000, as per manufacturer’s instructions. Specific primary
Abs used included JAK?2 (3230), STAT3 (4904), and phospho-STAT3
(9131) (all from New England Biolabs).

Binding of specific mAb was detected with an HRP-conjugated anti-
rabbit IgG at a dilution of 1:2500 for 1 h (New England Biolabs). Pro-
tein bands were visualized using the ECL detection system (Amersham
Biosciences) followed by exposure of the membranes to Hyperfilm-ECL
(Amersham Biosciences). Equality of protein loading was checked by
immunoblotting for B-actin (Sigma-Aldrich) (dilution 1:20000). All Western
immunoblots were performed at least three times from different liver
preparations of BEC.
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Coculture of Thl7 and CD4 T cells in BEC supernatant

Th17 cells were freshly isolated using the IL-17 Secretion Assay, according
to manufacturer’s instructions (Miltenyi Biotec). Th17 cells were analyzed
for viability using the MTT assay over 2 wk in culture supernatants generated by
cytokine-stimulated BEC or Th17-polarizing cytokines. Total CD4 T cells
were isolated by magnetic negative isolation (Mojosort Human CD4*
T cell isolation kit; BioLegend) and cultured for 7 d in culture supernatants
generated by cytokine-stimulated BEC, activated with anti-CD3/anti-CD28
Dynabeads (Invitrogen) at a ratio of eight cells per one bead. Lineage
changes toward Th17 or Thl were explored based on cytokine produc-
tion. To examine cytokine profiles, cells were stimulated for 5 h with
PMA (50 ng/ml) and ionomycin (1 pM). Cytokine release was blocked
with brefeldin A (10 wg/ml) during the final 4 h of stimulation. Cells
were then stained using €506 viability dye (eBioscience), fixed in 3%
formaldehyde, and stained in 0.1% saponin solution with fluorochrome-
conjugated Abs against CD3 (SK7; BD Bioscience), CD4 (RPA-T4;
eBioscience), and cytokines TNF-a (MAb11; eBioscience), IFN-y (4S.B3;
eBioscience), IL-17 (CZ8-23G1; Miltenyi Biotec), and IL-10 (JES3-9D7;
BioLegend). Cells were read using a Dako CyAn ADP flow cytometer, and
the data were analyzed using FlowJo V10 software, according to the gating
strategy shown in Supplemental Fig. 1.

Flow cytometry analysis of intrahepatic CCR6-expressing cells

Surface marker expression by intrahepatic lymphocyte subsets was analyzed
by flow cytometry, as described previously (20).

Detection of bilirubin in liver supernatants

Liver supernatants were collected by preparing 1 g of liver tissues in
RPMI. Acetonitrile (ACN), methanol (MeOH), and HPLC-mass spec-
trometry (MS) quality water (H,O) were obtained from Fisher Scientific
(U.K.). MS quality formic acid and low binding tubes were obtained from
Sigma-Aldrich (U.K.). Metabolites were extracted, applying a monophasic
extraction protocol in a randomized order to produce (same number of
samples) extractions. For each sample, 50 wl of liver supernatants was
transferred to an Eppendorf tube (Eppendorf, Cambridge, U.K.). Into
each tube at room temperature, 100% methanol was added in a ratio of
4:1 to precipitate the proteins. Samples were centrifuged at 14,000 X g
for 15 min at 4°C, and 150 pl of the supernatants was then transferred
into separate glass HPLC vials for ultra-HPLC (UHPLC)-MS analysis.
Remaining aliquots of the extraction solutions were collected into a single
pooled quality control (QC) sample of which 200 !l was transferred to a
new HPLC glass vial and analyzed as described for the biological samples.
UHPLC-MS was used to analyze the metabolome of liver supernatant ex-
tracts. Analysis was performed, applying an Ultimate3000 RSLC UHPLC
system coupled to an electrospray Q-Exactive Focus mass spectrometer
operating positive and negative ion modes. Five microliters of each extracted
sample was injected onto a Hypersil Gold C;g reversed phase column (100 X
2.1 mm 1.9 pm) at a flow rate of 300 pl/min. A gradient elution was applied,
as previously described (23). All samples were analyzed in a random order in
one analytical batch, with 10 QC samples analyzed at the start of the ana-
Iytical batch, after every five biological samples, and with two QC samples
analyzed at the end of the analytical batch. Two blank samples were also
analyzed. Data preprocessing and analysis was performed with UHPLC-MS
raw data files (RAW) converted to an mzML format by using the MS
Convert software. Data deconvolution was then performed using XCMS to
provide a two-dimensional matrix of chromatographic peak responses in
which each peak was defined by the m/z ratio and retention time. This two-
dimensional matrix was exported as a.csv for data analysis. Metabolites were
annotated applying PUTMEDID_LCMS (24). Data filtering was performed
to remove all metabolite features with >30% missing values for all samples
and a relative SD of >20% for QC samples analyzed from injection nine
onwards (25).

Immunohistochemical analysis of the distribution of
CCR6"CD4 and AhR*CD4 T cells in normal and diseased
liver tissues

Paraffin-embedded human liver sections were dual stained for CCR6*CD4
and AhR*CD4 T cells using a sequential staining protocol on the Leica
Bond Max automated staining system. All sections were pretreated with
the Epitope Retrieval Solution 1, heating to 95°C for 20 min, and peroxide
activity was blocked using Leica Peroxide block for 5 min. Development
of the first Ag stained (CCR6 [clone 53103; R&D Systems]) or aryl hy-
drocarbon receptor (AhR) (clone MAI-514; Invitrogen) was performed
using DAB Solution for 10 min, and nuclei were detected with hematoxylin
staining. A second epitope retrieval phase involving incubation at 95°C
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in Epitope Retrieval Solution 2 was included before staining of CD4
(ab133616; Abcam) and its subsequent development with Leica Mixed Red
Refine Detection for 15 min and a second staining with hematoxylin. At the
end of staining, slides were cover slipped in Invitrogen Diamond Antifade
Aqueous Mountant and left to dry for 24 h before scanning at X20 on the
Perkin Elmer Vectra imaging system. The numbers and distributions of
CCR6"CD4 or AhR* CD4 cells from 10 representative fields were quan-
tified using the inForm analysis software (PerkinElmer). Patterns of cell
organization visible from hematoxylin staining enabled biliary structures
within the tissues to be identified and, thus, the distributions of CCR6"CD4
and AhR*CD4 cells to be expressed relative to the biliary epithelium.

Statistical analysis

Effects of treatment were assessed by one-way ANOVA using Friedman
nonparametric test with Dunn multiple comparisons post hoc analysis to
compare the effects of each treatment to untreated control or by Wilcoxon
matched pairs tests, applying the Bonferroni correction for multiple
comparisons. Effects of disease, cell type, and tissue on cell distribution
were examined by two-way ANOVA. Tests used are described in the ac-
companying figure legends. Analysis was performed using GraphPad Prism
5.0 software (GraphPad software, San Diego, CA). Statistical significance
was defined as a p value <0.05.

Results
Bacterial products and type 17 cytokines lead to the secretion
of Thl7-polarizing cytokines from biliary epithelium

We and others have shown that BEC express both IL-17A receptor
(8, 26) and TLR-4 (27). This suggests they may respond to IL-17
and bacterial products by secreting Th17-polarizing cytokines that
maintain local Th17 responses. Thus, we measured the concen-
trations of Th17-polarizing cytokines IL-1B, IL-6, and TGF-B in
the supernatants of BEC cultures treated with IL-17, LPS, and
TNFa + IFN-y and identified a significant effect of treatment on
IL-1B and IL-6 secretion by BEC (one-way ANOVA). Compared
with basal levels, we observed significant increases in the secre-
tion of both IL-1f and IL-6 with both LPS and TNF-a + IFN-y
stimulations (Fig. 1, Supplemental Fig. 2).

CCRO6-expressing intrahepatic CD4 lymphocytes reside in the
peribiliary region

The CCR6 chemokine receptor defines the Th17 lineage, and both
blood and tissue Th17 cells express CCR6 (8, 28). We previously
reported that there is a high level of functional CCR6 expression on
liver-infiltrating Th17 cells in inflamed human livers (8, 28). Our
observation that IL-17 cells are present at a higher frequency around
bile ducts led us to quantify the frequency of CCR6 expression
among human liver CD4 T cells across different liver diseases. A total
of 20-62% of human intrahepatic CD4 T cells from diseased livers,
both autoimmune (PSC and PBC) and nonautoimmune (alcoholic
liver disease and nonalcoholic steatohepatitis), expressed the CCR6
chemokine receptor in contrast to 8-45% of CD4 T cells from normal
liver, with the highest frequencies observed on the CD4 T cells from
PSC/PBC livers (Fig. 2A). To complement studies of intracellular
IL-17 distribution in inflamed human livers, we applied immunohis-
tochemistry to examine the localization of CCR6*CD4 T cells in liver
tissue (Fig. 2B). CCR6*CD4 T cells were found mostly in the portal
tracts associated with inflamed bile ducts (Fig. 2B, 2C). Numbers of
CCR6'CD4 T cells were significantly increased in the portal regions
of PSC liver tissue compared with normal liver tissue (Fig. 2C). In
normal liver, the CCR6*CD4 T cells resided significantly closer to
biliary epithelium than their counterparts (Fig. 2D); the same trend
was also seen in diseased livers (Fig. 2D).

AhR-expressing CD4 cells are concentrated in the portal tract,
and the AhR ligand bilirubin is increased in the inflamed
human liver

The AhR is a ligand-dependent transcription factor that, when
bound by ligand, activates nuclear transcription factors that drive
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IL-1p
ANOVA p < 0.0001

FIGURE 1. BEC secrete IL-1B, IL-6, and
TGF-B1 on exposure to type 17 cytokines and
LPS. BEC were stimulated with type 17-related
cytokines (TNF-a + IFN-y or IL-17) or LPS for
24 h, and Thl7-polarizing cytokines IL-1pB,
IL-6, and TGF-31 were measured in their su-
pernatants. Effects of treatment were assessed
by one-way ANOVA using Friedman nonpara-
metric test with Dunn multiple comparisons
post hoc tests (significant comparisons in-
dicated by asterisks) comparing the effects
of each treatment to untreated control (UT).
Data are mean = SEM. *p < 0.05, **p < 0.01,
ity < 0. 001.

Exposure to LPS

Th17 differentiation (29-32). Similar to CCR6, immunohisto-
chemical dual staining for CD4 and AhR on diseased liver tissues
demonstrated that AhR-expressing CD4 T cells are densely pop-
ulated in the portal tracts (Fig. 3A, 3B) and that they are increased
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in significant quantities in inflamed human liver tissue (Fig. 3D).
It is possible that bilirubin acts synergistically with BEC to drive
establishment of a prominent Th17 population in the portal tracts
of diseased livers.

in diseased liver compared with normal liver. Furthermore, AhR™
CD4 T cells approached closer to biliary epithelium cells in dis-
eased livers (Fig. 3C). Bilirubin is a recognized AhR ligand (30),
and we found that this potential local ligand for AhR was present

LPS-exposed and inflamed BEC secrete CCR6 ligand CCL20

BEC are known to provide a primary defense barrier against
microbes such as Gram-negative bacteria ascending from the
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FIGURE 3. AhR-expressing intrahepatic CD4 T cells are present at high density around bile ducts, and AhR ligand, bilirubin, is present in inflamed
human liver tissue. (A) Localization of CD4*AhR™ and CD4*AhR™ T cells in liver tissue examined by immunohistochemistry on paraffin-embedded
liver tissue sections from normal, PSC, and nonalcoholic steatohepatitis (NASH) livers. Overlay of tissue segmentation and cell phenotype generated in
inForm is displayed on the right. Original magnification X20. (B) Frequency of CD4*AhR™" cells in parenchymal and portal regions of diseased
and normal liver sections (n = 5) determined by immunohistochemistry analysis, normalized to the number of cells present in each tissue category
per image. Significance was assessed by two-way ANOVA with Sidak (between locations [portal versus parenchyma]) and Tukey (between disease
category) multiple comparisons post hoc tests. Significance intervals are indicated by asterisks (*). *p < 0.05, **p < 0.01, ***p < 0.001. Data are
mean = SEM. (C) Mean distance of CD4*AhR" and CD4*AhR ™ cells from the nearest cell identified based on morphology was assessed by two-way
ANOVA with Sidak (between cell types) and Tukey (between disease category) multiple comparisons post hoc tests. Significance intervals are indicated
by asterisks (*). *p < 0.05. Data are mean = SEM. (D) Bilirubin levels in normal liver and inflamed diseased livers were determined by UHPLC-MS.
All data were normalized against the total ion count, and the statistical analysis was performed in R applying Mann—Whitney U test. ALD, alcoholic
liver disease.

gastrointestinal tract (33). TLR-4 recognizes Gram-negative CD4 T cells from a control cohort with the nonimmune-mediated
bacteria and is expressed on human BECs (34). Therefore, we liver condition hemochromatosis (HFE). Although the cytokines
investigated how exposure to the TLR-4 ligand, LPS, affects alone (medium controls) did not lead to significant changes in the

production of the CCR6 ligand, CCL20, by BEC. We observed a frequencies of CD4 T cells producing IL-17, IFN-y, or TNF-a
trend toward increased CCL20 release by BEC with LPS (Fig. 4A, compared directly with ex vivo (time 0), they caused BEC to release
Supplemental Fig. 3A). factors that supported the differentiation of CD4 T cells to IL-17—

In addition, when we considered how cytokines generated by producing cells. Supernatants from BEC stimulated with IL-17 or
cells of the portal immune infiltrate influence the release of CCL20 TNF-a + IFN-y increased frequencies of IL-17 cells 2- to 3-fold
by BEC, consistent with our previous findings, we observed that compared with their respective control media at 7 d. (AIH patients:
Thl cytokines (TNF-a and IFN-v) induced the secretion of IL-17 treatment: 0.95% = 0.20 versus 0.45% = 0.1; TNF-a +
CCL20 by BEC. Treating BEC with IL-17 also tended to increase IFN-vy treatment: 0.97% = 0.18 versus 0.39% = 0.10) (HFE control
their release of CCL20 (Fig. 4A, Supplemental Fig. 3A). Of note, cohort: IL-17 treatment: 1.84% = 0.60 versus 0.59% = 0.11;
BEC themselves produce IL-17 and tended to increase IL-17 release TNF-a + IFN-y treatment: 1.62% * 0.34 versus 0.65% = 0.14)
under inflammatory (TNF-a and IFN-y) conditions (Supplemental (Fig. 4B, Supplemental Fig. 3C). All differences were significant,
Fig. 3B). with the exception of the effects of IL-17 treatment on CD4 T cells
from the HFE control cohort. There was a trend toward the support of
increased IL-17* CD4 T cell frequencies with culture in untreated
BEC supernatant compared with control medium, but this was not

BEC secretome promotes local Thl7 generation from CD4
T cells and supports Thl7 survival

Evidence of the ability of BEC supernatant to direct the differ- statistically significant for cells from either AIH patients or controls.
entiation of CD4 T cells toward a Th17 phenotype came from Although there is a change in the frequencies of IFN-y— and
experiments in which the supernatants from BEC cultured for 24 h TNF-a—-expressing cells with the different treatments, we did

in blank culture medium or medium containing the recombinant not identify any consistent polarizing effects of BEC on cells
cytokines IL-17 or TNF-a + IFN-y were used to condition 7-d stim- of these phenotypes for either AIH patient or HFE controls
ulations of blood-derived CD4 T cells activated with anti-CD3/CD28 (Fig. 4B, Supplemental Fig. 4). Interestingly, however, we
beads. Medium containing the cytokines was used as treatment noted significantly reduced IFN-y and TNF-a cell frequencies
controls for the influence of BEC. Effects on CD4 T cells from among AIH patients compared with HFE controls directly
autoimmune hepatitis (AIH) patients were compared with those on ex vivo (Fig. 4B).
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effects of each treatment to untreated control (UT). *p < 0.05. Data are mean = SEM. (B) BEC were treated with type 17 cytokines for 24 h, and their
supernatants were collected. CD4 T cells from chronic autoimmune liver disease patients and hemochromatosis (control) liver disease patients were
stimulated with anti-CD3/CD28 beads and cultured in the BEC supernatants or control (recombinant cytokine containing media), and their expression
of IL-17, TNF-a, IFN-v, and IL-10 was examined at day O and day 7 by flow cytometry. Summary data for multiple donors are presented. Lines link
frequencies of cytokine expression by cells from a given donor when cultured for 7 d in BEC supernatants versus the respective medium control. Effects
of culture and treatment were assessed by one-way ANOVA using Friedman nonparametric test. Differences in expression compared with ex vivo were
identified by Dunn multiple comparisons post hoc tests comparing to time 0 (significant comparisons indicated by crosses). Differential effects of
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correction for multiple comparisons (significant comparisons indicated by asterisks [*] over a linking bracket). **p < 0.05, ***p < 0.01, **++* < 0.001,
+*p < 0.0001. (C) Th17 cell viability over 14 d when cultured in supernatant from untreated BEC cultures (dashed line) was monitored and compared over
14 d to the viability of Th17 cells cultured in control medium (dotted line) or Th17-polarizing medium (IMDM supplemented with IL-13, IL-6, and TGF-3)

(solid black line); n = 3.

We also considered the effect of BEC on frequencies of IL-10—
expressing CD4 T cells. The culture of CD4 T cells over 7 d with
anti-CD3/CD28—coated beads led to a significant increase in
IL-10* CD4 T cell frequencies in the absence of BEC supernatant.
Culturing in supernatants from nonstimulated and IL-17-treated
BEC prevented this rise (Fig. 4B).

Having observed BEC-dependent changes in IL-17 and IL-10
frequencies, we characterized the IL-17" cells in greater detail. Al-
most all IL-17* cells also expressed TNF-a (AIH: mean >75%;
control: mean >95%). Less than 40% made IFN-y, and <10%
made IL-10. In accordance with the significant suppression in the
induction of total IL-10* cells with supernatant from IL-17-
stimulated BEC, frequencies of IL-10*IL-17* cells were sig-
nificantly reduced under these conditions compared with IL-17
cytokine medium control conditions (Supplemental Fig. 4).

Next we explored how the BEC microenvironment can
support the survival of the local Th17 population by cul-
turing isolated Th17 cells in BEC supernatant or under
Th17-polarizing cytokine conditions. We observed significant
maintenance of Th17 cell viability over 2 wk with either BEC

supernatant or Th17-polarizing cytokines compared with con-
trol (Fig. 4C).

BEC proliferate in response to Thl7-related cytokines

Next we investigated the possibility that Th17 cells around BEC feed
back to the BEC to influence their proliferation and survival by studying
the effect of Th17 cytokines IL-17, IL-22, and TNF-a on BEC pro-
liferation, apoptosis, and necrosis. As indicated by Ki67 staining, BEC
proliferated in response to Th17-cytokines (Fig. SA, 5B). The stron-
gest responses were seen with TNF-a and IL-17 treatments, followed
by IL-22 (Fig. 5A, 5B). These results were consistent with our ob-
servation of Ki67"* (proliferating) cells within the biliary epithelium in
inflamed human liver tissues by immunohistochemistry (Fig. 5C).

Furthermore, we examined the effects of IL-17 and TNF-a + IFN-y
treatments on the expression of STAT3, JAK-2, and phosphory-
lation of STAT3 in BEC as this pathway is known to coordinate
proliferation downstream of cytokine stimulation. In agreement
with the induction of BEC proliferation by these cytokines, we
noted upregulated expression and activation of these prosignaling
components in BEC with treatment (Fig. 5D).
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FIGURE 5. Thl7 cytokines lead to BEC proliferation via the STAT3 pathway. (A) BEC were stimulated for 24 h with rTh17-related cytokines IL-17,
TNF-a, IFN-y alone, or IL-17 and IL-22 in combination and then assessed for cell proliferation by flow cytometric analysis of Ki67 staining. (B) In situ
Ki67 staining of cytospun BEC was performed to examine cell proliferation. (C) BEC proliferation on liver tissue sections was assessed by Ki67 staining
(brown, DAB) (PSC liver). (D) BEC were stimulated with recombinant human Th17-related cytokines IL-17, TNF-a, and IFN-y, and the expression/activation
of intracellular signaling pathway components JAK2, STAT3, and pSTAT3 was analyzed by Western blotting. (E) Isolated primary BEC were stimulated
with different Th17-related cytokines, and apoptosis and (F) necrosis of BEC was examined by Annexin and 7-AAD staining with flow cytometry. *p < 0.05,
**p < 0.01, as compared with untreated controls.

Finally, we evaluated the effects of these cytokines on BEC
survival. We found no evidence of either apoptosis or necrosis of
BECs on exposure to Th17 cytokines by Annexin V and 7-AAD
staining (Fig. 5E, 5F).

Discussion

Th17 cells are critical players in the pathogenesis of human liver
diseases (9, 13, 33, 35); however, in the gut-liver axis, they also
act as a firewall against gut-derived infections (20), which ascend
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AhR arylhydrocarbon receptor; CCL20 chemokine ligand 20; CCR6; C-C chemokine receptor 6; IFNy; interferon gamma
IL-; interleukin; JAK2 Janus kinase 2; LPS lipopolysaccharides; STAT3 signal transducer and activator of transcription 3;
TNFa tumour necrosis factor alpha; TGF-B1 transforming growth factor beta-1.

proliferation

Positive feedback loop for IL-17 and TNFa producing Th17 cells

FIGURE 6. An illustration of the bidirectional interaction between Th17 and BEC. Migrating bacteria from the gut express pathogen-associated mo-
lecular patterns (e.g., LPS) that trigger BEC activation via TLR4 signaling. The downstream cascade involves proinflammatory cytokines and chemokines,
such as IL-1, IL-6, TGF-B1, and CCL20. IL-6 is both secreted by BEC and stimulates BEC proliferation via the JAK2/STAT3 signaling pathway in an
autocrine manner. Importantly, although BEC undergo increased proliferation, this does not lead to increased apoptosis or necrosis. BEC-secreted CCL20 is
responsible for chemotaxis and subsequent transmigration of lymphocytes that are CCR6* (complementary receptor). The CD4* lymphocytes undergo
alterations in differentiation status, lineage stability, and function, depending on their respective subset. These cytokines act on BEC leading to BEC
proliferation, which completes a self-sustaining positive feedback loop that propagates chronic peribiliary inflammation and biliary regeneration. This
LPS-stimulated inflammatory cascade could be synergistically augmented by exposure to local bilirubin via the AhR present on lymphocytes.
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via the biliary tree. As such, they have a key antipathogenic role
within the biliary environment. It is seen that Th17 cells are
recruited to inflamed human liver and localize around the bile
ducts (8, 33, 36), although the mechanisms by which they are
recruited and maintained in the peribiliary environment are not
fully known. Intrahepatic IL-17-secreting type 17 cells consist of
not only Th17 cells (8) but also Tc17 cells (37), MAIT cells (20),
and yd T cells (38). There is minimal contribution of IL-17 by
intrahepatic non-CD3 cells.

BEC participate in microbe-induced proinflammatory responses
in human liver cholangiopathies (39). The common bile duct is
continuously exposed to the gut flora in the human gastrointestinal
tract, and the portal vein drains venous blood, enriched with en-
dotoxins and bacterial products, from both the midgut and hindgut
to the liver via the portal tracts. Expression of TLR (including
TLR-4, the receptor for bacterial LPS) allows BEC to respond
to Gram-negative bacteria, such as Escherichia coli (34). Al-
though local antimicrobial responses are important for the main-
tenance of tissue homeostasis and control of ascending infection,
inappropriate innate immune responses may contribute to the
pathogenesis of biliary diseases, such as PSC (1). BEC secrete the
biliary tropic chemokine CCL20 (8), which activates CCR6 on
Th17 cells, and evidence suggests that this pathway is critical for
the development of Th17 responses in the liver (28, 40) and gut
(41). We now demonstrate that the secretion of CCL20 by BEC is
increased under specific inflammatory conditions and in response
to exposure to the bacterial product LPS. This enhanced local
secretion of CCL20 may explain the concentration of CCR6-
expressing cells around bile ducts and the localization and en-
richment of IL-17—expressing cells in the portal tract of diseased
livers.

The majority of intrahepatic CD4 cells in portal infiltrates
localize around the bile ducts, particularly in biliary diseases in
which BEC are the targets of immune-mediated tissue injury.
BEC are highly active epithelial cells capable of secreting a range
of proinflammatory and immune modulatory factors. Seminal
studies in the skin have suggested that epithelial cells are able to
modulate immune differentiation in response to evolving in-
flammation and tissue injury, a phenomenon that has been termed
the epimmunome (42). We investigated whether BEC contribute
to the epimmunome in the liver by promoting local Th17 im-
mune responses. The crucial Th17-polarizing cytokines include
IL-1B, IL-6, and TGF-, all of which have been detected pre-
viously in the inflamed liver (3, 43-47). In this study, we
demonstrate that BEC not only secrete Thl7-polarizing cyto-
kines IL-6, IL-1(3, and TGF-3 when they are exposed to type 17
cytokines or LPS, but they also have the capability to generate
and maintain Th17 differentiation of other CD4 T cells. Our
findings are consistent with a recent in vivo study suggesting
that splenic CD4 T cells cocultured with liver nonparenchymal
cells have increased IL-17 production (13). Thus, we provide
evidence for a critical central role of the biliary epithelium in
recruiting CCR6" CD4 Th17 precursors to the portal tract by
secreting CCL20.

The AhR is a ligand-dependent transcription factor (32) that is
crucial for Th17 generation (32), and we now show that the
majority of liver-infiltrating AhR*CD4 T cells, which have
susceptibility to differentiate to the Th17 lineage, are located in
the peribiliary region of portal tracts. Furthermore, the inflamed
intrahepatic microenvironment is enriched with the AhR ligand
bilirubin, which could work synergistically with the enhanced
release of Th17-promoting cytokines by BEC in the inflamed/
infected liver to support the establishment of a prominent portal
Th17 population.

Our study provides evidence that BEC are active in the re-
cruitment, de novo generation, and survival of a Th17 infiltrate
around them. We have shown before that the IL-17 receptor is
expressed on BEC (8) and now demonstrate that BEC do re-
spond to IL-17 and other Th17 cytokines by activation of the
JAK2-STAT3 pathway and proliferating, suggesting that in the
liver, the peribiliary Th17 population in turn signals back to
BEC not only to reinforce their release of CCL20 and Th17-
polarizing cytokines but to also promote their proliferation and
thus the regeneration of the biliary ductules in a disease con-
text. This model is consistent with previous studies that have
reported roles for Th17 cells in promoting the regeneration of
tissues, including bone and hepatic tissue (48-50).

Overall, this study is an important example of the epi-immunome
through which an epithelial response to injury in the portal tracts
drives a paracrine loop, promoting the establishment and main-
tenance of a Th17 infiltrate (Fig. 6). Our findings provide insights
into the role of the hepatic microenvironment together with
lymphocyte-biliary epithelium cross-talk in governing Th17 fate
and biliary proliferation in human liver diseases. Thus, our data
suggest that Th17 cells may provide a protective mechanism
against bile duct destruction, not only by combatting microbial
infections but by promoting the epithelium to regenerate.
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