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BACKGROUND & AIMS: Chronic inflammation surrounding
bile ducts contributes to the disease pathogenesis of most
cholangiopathies. Poor efficacy of immunosuppression in these
conditions suggests biliary-specific pathologic principles. Here
we performed biliary niche specific functional interpretation
of a causal mutation (CD100 K849T) of primary sclerosing
cholangitis (PSC) to understand related pathogenic mecha-
nisms. METHODS: Biopsy specimens of explanted livers and
endoscopy-guided sampling were used to assess the CD100
expression by spatial transcriptomics, immune imaging, and
high-dimensional flow cytometry. To model pathogenic
cholangiocyte-immune cell interaction, splenocytes from
mutation-specific mice were cocultured with cholangiocytes.
Pathogenic pathways were pinpointed by RNA sequencing
analysis of cocultured cells and cross-validated in patient
materials. RESULTS: CD100 is mainly expressed by immune

cells in the liver and shows a unique pattern around PSC bile
ducts with RNA-level colocalization but poor detection at the
protein level. This appears to be due to CD100 cleavage as
soluble CD100 is increased. Immunophenotyping suggests
biliary-infiltrating T cells as the major source of soluble
CD100, which is further supported by reduced surface CD100
on T cells and increased metalloproteinases in cholangiocytes
after coculturing. Pathogenic T cells that adhered to chol-
angiocytes up-regulated genes in the T-helper 17 cell differ-
entiation pathway, and the CD100 mutation boosted this
process. Consistently, T-helper 17 cells dominate biliary-
resident CD4 T cells in patients. CONCLUSIONS: CD100 ex-
erts its functional impact through cholangiocyte-immune cell
cross talk and underscores an active, proinflammatory role of
cholangiocytes that can be relevant to novel treatment
approaches.
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U nderstanding the function of causal genes underly-
ing monogenic disorders that lead to chronic
inflammation in specific organs can unravel mechanisms
involved in tissue-specific pathogenic immune processes.
Mechanisms revealed from 1 causal gene may also
contribute to common, complex diseases with similar clin-
ical manifestations, as seen for Alzheimer’s disease and
cancers.”” We have previously identified CD100 K849T as
the causal mutation in a familial subtype of primary scle-
rosing cholangitis (PSC),> a severe liver disease without
approved medical treatments characterized by progressive
chronic biliary inflammation leading to liver cirrhosis,
cholangiocarcinoma development, and a need for liver
transplantation.* ® This gain-of-function mutation is located
at the intracellular tail of CD100, also known as semaphorin
4D (SEMA4D), with a direct impact on the function of
CD100-expressing cells, most notably the cytokine produc-
tion of T cells.”

Despite the broad expression of CD100 and its receptors
(CD72 and plexin B1/B2) in various organs, patients car-
rying the mutation develop no systemic immune disorders
but exhibit a classical PSC phenotype with variable mani-
festations of site-restricted immune dysregulations (ie, in-
flammatory bowel disease and autoimmune hepatitis), with
the only shared phenotype being bile duct inflammation.
This striking human observation raises the possibility that
CD100 plays a unique role in the liver or biliary, or both,
local immunity contributing to PSC pathogenesis in patients
with the mutation. Similar mechanisms or closely related
phenotypes are probably also present in patients not car-
rying the pathogenic mutation.

The current understanding of CD100 function is focused
on facilitation of general immune activities with limited data
on tissue-specific roles.””? CD100 is a transmembrane sem-
aphorin protein originally identified in activated T cells'® and
later found to be constitutively expressed by diverse immune
cells and involved in assembly of immunologic synapses.”*!
It triggers reciprocal signals to both receptor- and CD100-
expressing cells, promoting antigen presentation and im-
mune cell maturation, activation, and migration.8

Importantly, CD100 acts as a costimulatory molecule
transducing T-cell activation signaling through the cyto-
plasmic tail,'> where the PSC causal K849T mutation is
located. Specialized metalloproteinases (MMPs), such as a
disintegrin and metalloproteinase domain-containing pro-
tein (ADAM) 10, ADAM17, ADAM metallopeptidase with
thrombospondin type 1 motif (ADAMTS4), MMP8, and
MMP14,” cleave the extracellular domain of CD100 to yield
a soluble form (sCD100)® that displays proinflammatory
activity in autoimmune diseases.”* *°

The present study was conducted to determine the liver- or
biliary-specific, or both, functional involvement of CD100 and
how the CD100 mutation contributes to initiating or amplifying
bile duct-damaging immune responses. To that end, we care-
fully examined CD100 expression in liver tissue sections from
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

A SEMA4D/CD100 mutation has been identified as a
causal mutation for a Mendelian form of primary
sclerosing cholangitis. It is largely unknown how this
mutation contributes to localized biliary inflammation.

NEW FINDINGS

CD100 is involved in cholangiocyte-immune cell cross
talk, and the CD100 mutation enhances pathogenic T-
helper 17 cell differentiation.

LIMITATIONS

The specific signaling pathway through which the CD100
mutation impacts T-helper 17 differentiation at the
cholangiocyte-immune cell interface remains to be
defined.

CLINICAL RESEARCH RELEVANCE

Our findings establish a link between the CD100 mutation
and biliary inflammation, highlighting the utility of using
mutation-specific tools for identification of key
molecules central to primary sclerosing cholangitis
pathogenesis that can represent potential treatment
targets for biliary inflammation.

BASIC RESEARCH RELEVANCE

We have identified important biliary-specific cellular
players and a pathogenic process that CD100 is
involved in. We also suggest a distinct and
complementary mechanism in which T-helper 17 cells
are locally differentiated due to their interaction with
cholangiocytes.

explanted PSC livers and specifically compared immune cells
infiltrating bile ducts against those in paired blood samples.
Then, we modeled the interaction of CD100 mutant and wild-
type (WT) immune cells with cholangiocytes, the epithelial
cells lining the bile ducts, to establish key pathogenic immune
features. Finally, we validated the findings obtained in the
murine system in material collected from patients.

Materials and Methods

Ethics Approval

This study was approved by the Regional Ethical Committee
in Norway (S-08872b; 2012-286) and the Regional Ethical
Review Board in Stockholm, Sweden (2013/1449-31/4). The

Abbreviations used in this paper: CD, cluster of differentiation; CFSE,
carboxyfluorescein succinimidyl ester; CK19, cytokeratin 19; DCM, dead
cell marker; ERCP, endoscopic retrograde cholangiopancreatography; IL,
interleukin; MMPs, metalloproteinases; PBC, primary biliary cholangitis;
PBMCs, peripheral blood mononuclear cells; PSC, primary sclerosing
cholangitis; RORvyt, retinoic acid-related orphan receptor-y; sCD100,
soluble cluster of differentiation 100; SEMA4D, semaphorin 4D; TEM,
effector memory T cells; Th17, T-helper 17 cells; UMAP, Uniform Manifold
Approximation and Projection analysis; WT, wild-type.
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guidelines of the Declaration of Helsinki were followed. Written
informed consent was provided by all participants. Protocols for
animal experiments were approved by Mattilsynet, Norway
(FOTS 22988) and followed all recommendations from the
Federation of European Laboratory Animal Science Associations.

Human Materials

Human liver biopsy specimens were collected after liver
transplantation at Oslo University Hospital, Oslo, Norway.
Serum, plasma, and bile samples from patients who received a
transplant and controls were also collected at Oslo University
Hospital. Brush cytology was obtained during endoscopic
retrograde cholangiopancreatography (ERCP) at Karolinska
University Hospital, Karolinska, Sweden. Clinical characteristics
of patients are presented in Supplementary Table 1.

Mice

C57BL/6 mice with homologous CD100 K849T mutation
have been described.> WT and CD100-mutated mice (sibling
littermates) were bred in-house and maintained under specific
pathogen-free conditions at the Department of Comparative
Medicine, Institute of Basic Medical Sciences, University of Oslo.
Male or female mice (8-10 weeks old) were used.

Isolation of Murine Primary Cholangiocytes and
Splenocytes

The portal vein was cannulated, and the liver was perfused
with Liver Perfusion Medium (Thermo Fisher Scientific), fol-
lowed by 0.5 mg/mL collagenase I (Sigma-Aldrich). The biliary
trees were cleaned by washing away hepatocytes, cut into small
pieces, and incubated for 1 hour with 0.5 mg/mL collagenase I,
0.1 mg/mL deoxyribonuclease I (Sigma-Aldrich), and 1 mg/mL
Pronase E (Santa Cruz Biotechnology) at 37°C. Samples were
filtered and washed twice. Cells were then seeded in 1 mg/mL
collagen I hydrogel (Corning) or Matrigel (Corning) with a
murine version of cholangiocyte expansion medium.'” After 2
weeks, cell purity was examined by flow cytometry. Spleno-
cytes were isolated by forcing the spleen through 70-um nylon
mesh and subsequent erythrocyte lysing.

Cell Lines

Small and large cholangiocytes were SV40 large T antigen-
immortalized murine cell lines.'® Both lines were maintained in
Gibco Dulbecco’s modified Eagle medium with high glucose
supplemented with fetal calf serum and 1% Gibco Antibiotic-
Antimycotic (Thermo Fisher Scientific), and used for cocul-
ture experiments.

Spatial Transcriptome Data Analysis

Spatial transcriptome analysis was performed on previously
published 10x Visium data’® that included liver samples from
PSC (n = 4) and non-PSC controls with primary biliary chol-
angitis (PBC; n = 2) or alcoholic liver disease (n = 2). A total of
9206 transcriptomics profiles were generated for RNA capture
spots and aligned with corresponding H&E images. SEMA4D
was used to define CD100" regions and KRT19 for cytokeratin
19" (CK19™) cholangiocytes using Loupe Browser software
(10x Genomics). Similarly, CD3D was used as a marker for
T cells and TPSAB1 for mast cells.
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Immunohistochemistry

Sequential sections were cut from formalin-fixed, paraffin-
embedded liver blocks (6 PSC and 4 PBC) at a thickness of 5 um
and stained with rabbit anti-CD100 (1:100; Abcam) and rabbit
anti-CD3 (1:100; Dako), respectively, following a standard
immunohistochemistry protocol provided by Dako. Two to 3
photomicrographs of diseased bile duct areas (x100) were
randomly taken from each slide and analyzed by Fiji software.”’

Immunofluorescence

Immunofluorescence was performed on extra sections
adjacent to the section used for spatial transcriptome analysis.
Each sections were stained with appropriate antibodies
(Supplementary Table 2) for CD100, cholangiocytes, T cells, and
mast cells according to established protocols.”! Stained slides
were scanned by ZEISS Axio Scan.Z1 Slide Scanner (Carl Zeiss
AG) and analyzed by Zen 2.6 (blue edition) or QuPath 0.4.3.

Enzyme-linked Immunosorbent Assay

Soluble CD100/SEMA4D levels were measured with the
Human Semaphorin 4D ELISA Kit (Thermo Fisher Scientific).
Matched serum, plasma, and bile samples from the same indi-
vidual were examined when available (24 PSC, 11 non-PSC
disease controls, 23 healthy donors). Bile was directly
collected from the gallbladder of patients after liver
transplantation.

Flow Cytometry of Human Samples

Biliary immune cells were collected from ERCP brush
cytology, as described previously.?’ Peripheral blood mono-
nuclear cells (PBMCs) or biliary immune cells were stained for
cell surface markers and dead cell marker (DCM)
(Supplementary Table 3). For intracellular staining, cells were
fixed and permeabilized using the Foxp3/Transcription Factor
Staining Buffer Set (eBioscience). Samples were acquired on a
BD Symphony A5 (BD Biosciences) flow cytometer, and the data
were analyzed by FlowJo 10 (BD Biosciences). For uniform
manifold approximation and projection (UMAP) analysis,*?
manually gated populations were exported from Flow]Jo and
analyzed in Python 3.8.8. The umap-learn 0.5.3 (https://doi.org/
10.48550/arXiv.1802.03426) package was used for executing
the UMAP algorithm, and the resulting UMAP x and y coordinates
were plotted with Matplotlib 3.6.3 (https://matplotlib.org/3.6.3/)
and seaborn 0.12.2 (https://seaborn.pydata.org/).

Coculture Experiment

Small or large cholangiocytes (1 x 10%) were seeded into
24-well plates at day 0. Splenocytes (1 x 10°) were added into
the culture on day 1 after cholangiocytes were labeled with
5 pumol/L carboxyfluorescein succinimidyl ester (CFSE; Thermo
Fisher Scientific). For experiments with primary chol-
angiocytes, 1 x 10° cells (passage 4-7, purity >90%) were
seeded (day 0) into 24-well collagen I-coated plates (Thermo
Fisher Scientific). Splenocytes were added at day 3 when pri-
mary cells reached 90% confluence. Anti-CD3 (clone 145-2C11;
BioLegend) and anti-CD28 (clone 37.51; BioLegend) were
added subsequently at a final concentration of 2 ug/mL.
Alternatively, BD Leukocyte Activation Cocktail (BD Bio-
sciences) containing phorbol myristate acetate and ionomycin
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was used for stimulation. The cells in the suspension or
adherent layer were collected separately on day 2. For cytokine
detection, BD stop and plug (BD Biosciences) were added 4
hours before harvest.

Flow Cytometry of Mouse Sample

Cells collected after coculture were incubated with anti-
mouse CD16/32 (BioLegend) to block Fc receptors and
stained (Supplementary Table 3). CellEvent Senescence Green
Kit (Thermo Fisher Scientific) was used for assessment of
senescence. Samples were acquired on BD Symphony A5 or
LSRFortessa (BD Biosciences) flow cytometer and analysis was
performed as for the human samples.

Bulk RNA Sequencing and Data Analysis

After coculture, live T cells (DCM~CFSE"CD3") and large
cholangiocytes (DCM~CFSE™) were purified by BD FACSAria I
(BD Biosciences), snap frozen, and delivered to Novogene for
RNA isolation and sequencing. All samples had 2 to 3
biological replicates and were sequenced by the NovaSeq
6000 system (Illumina) in paired-end 150 base pair (PE150)
mode. Raw reads were filtered and mapped to the reference
genome (Mus musculus [Genome Reference Consortium Mouse
Build 38 {GRCm38/mm10}]). The DESeq2 R package (Bio-
conductor)”® was used for differential expression analysis. The
clusterProfiler** software was used for enrichment analysis.

Statistical Analysis

If not otherwise stated, statistical analysis was performed
using GraphPad Prism (GraphPad Prism Software). The distri-
butions of data were evaluated by normality and lognormality
tests. When normally distributed, comparisons between 2
groups were performed by 2-tailed paired or unpaired ¢ tests.
Otherwise, comparisons were performed by 2-tailed nonpara-
metric Mann-Whitney or Wilcoxon’s matched-pairs tests. For
comparisons with 3 groups, 1-way analysis of variance was
used, followed by Bonferroni's correction. Differences were
considered statistically significant when P < .05.

Results

Unexpected CD100 Expression Pattern Around
the Bile Ducts

CD100 is clearly present in all organs in the human body
(Supplementary Figure 14) reported in the Human Protein
Atlas (https://www.proteinatlas.org/) although with a low
expression in the liver at a messenger RNA level
(Supplementary Figure 1B). This fact can be due to the
absent or very low level of CD100 in hepatocytes and
cholangiocytes (Supplementary Figure 1C), 2 cell types
abundantly present in the liver.”” By contrast, a high
expression of CD100 was observed in hepatic immune cells,
such as T, B, and Kupffer cells (Supplementary Figure 1C),
supporting the notion that the main actions of CD100 in the
liver are exerted through the immune system.

To quantify and localize CD100 specifically in PSC livers,
we interrogated our in-house spatial transcriptomics data."’
The proportion of CD100" (SEMA4D*) regions detected in
PSC (n = 4) and non-PSC livers (n = 4) were comparable,
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and the read counts of SEMA4D within CD100" regions
were similar (Figure 14 and B), indicating that CD100 at the
transcriptional level was not different in PSC livers. The
cholangiocyte marker CK19 (KRT19) was then used to
define bile duct areas, and CD100 was more often colo-
calized to CK19™" regions in PSC compared with non-PSC
livers (Figure 1C), suggesting that CD100" immune cells
preferentially localize around bile ducts in PSC.

The peribiliary localization of CD100 was not recapitu-
lated at the protein level using immunohistochemistry,
which revealed fewer CD1007 stains in the PSC biliary re-
gions compared with those of patients without PSC
(Figure 1D and E). Even given the clear presence of CD31 T
cells, a cell type supposed to express high levels of CD100,
the CD100" signal was still poorly detected around the
diseased bile ducts in patients with PSC (Figure 1F and G).

sCD100 was elevated in the plasma of donors with PSC
compared with healthy donors and detected in the PSC bile
samples (Figure 1H). However, controls without PSC had a
similar or even more robust sCD100 increase in plasma and
bile (Figure 1I). These results suggest that the cleavage of
CD100 happens universally during liver inflammation and
that the contradictory expression pattern of CD100 at
transcriptomic and protein levels in PSC livers could
potentially be explained by a mechanism that results in
peribiliary CD100 cleavage.

Reduced Surface CD100 on Biliary Infiltrating
Immune Cells

To closely assess CD100 expression on peribiliary im-
mune cell subsets, we profiled leukocytes collected from
ERCP brush samples by high-dimensional flow cytometry
(Supplementary Figure 2A4). Consistent with the diminished
CD100 positive staining in situ, the overall surface CD100
expression was dramatically decreased on leukocytes
(CD45%) obtained from PSC bile ducts compared with
PBMCs from matched blood samples (Figure 24 and B).
A similar trend was also observed in the controls without
PSC (Figure 2B). Among the biliary immune cells, CD100
was detected mainly on T and natural killer cells, but the
expression level on these subsets was still much lower than
that in PBMCs (Figure 2C). In absolute numbers, T cells
were ~14-fold more abundant than natural Killer cells
(Supplementary Figure 34) and thus the most likely source
of sCD100. We also examined the presence of mast cells,
which have been reported to be specifically recruited to the
portal tracts in PSC livers®®*” but detected very few of these
cells in our samples (Supplementary Figure 4).

The decline in CD100 expression was more pronounced
in CD4 T cells compared with CD8 T cells (Figure 2D and E
and Supplementary Figure 3B). In line with previous ob-
servations,?! the effector memory T cell (TEM, CD45RA™C-C
chemokine receptor type 7 [CCR7] ") subset dominated the
biliary T-cell population (Supplementary Figure 3C). CD4
and CD8 TEMs both markedly decreased CD100 expression
in PSC bile ducts vs peripheral blood (Figure 2F, top panel),
a similar but nonsignificant trend was observed in patients
without PSC (Figure 2F, bottom panel). We also stained for
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Figure 1. Local expression of CD100 in PSC livers. (A) Sequential 10-um liver sections were obtained from PSC (n = 4) and
non-PSC (n = 4) hilar core biopsies collected after liver transplantation. The section was used for spatial transcriptomics after
H&E staining. Distribution of regions with CD100™ cells (SEMA4D™) and cholangiocytes (KRT19") was visualized by dots with
indicated colors. (B) Quantification of CD100™" regions (left) and the read counts of SEMA4D, the gene encoding CD100, within
positive regions (right). (C) Quantification of regions with both CD100™ cells and cholangiocytes. (D) Representative immuno-
histochemical staining and (E) quantification of CD100 in liver sections of PSC and non-PSC (original magnification x100). Bar,
150 um. Red, CD100™. (F) Immunohistochemical images obtained from adjacent sections showing clear presence of CD3™
T cells but poor CD100 expression at the diseased biliary area of PSC. Bar, 150 um. Red, positive stain. (G) Immunofluorescence
images illustrating that CD3 (red) and CD100 (green) were not coexpressed on the surface of a T cell adjacent to bile ducts in
PSC. AT cell from non-PSC is shown as the positive control for CD100 staining. Statistical analysis comparing the CD100 signal
density in T cells from a representative non-PSC to a representative PSC sample. Nuclei stained by 4',6-diamidino-2-
phenylindole, blue. Bar, 10 um. (H) sCD100 levels in plasma and bile of patients with PSC (PSC plasma, n = 24; bile, n = 12)
measured by enzyme-linked immunosorbent assay. Baseline (dashed line) was set by mean plasma sCD100 levels in healthy
donors (HD, n = 23). (/) sCD100 levels in plasma and bile samples from non-PSC (n = 11). Statistical significance was determined
using the unpaired t test. Data are presented as the mean + standard error of the mean. *P < .05, ***P < .0001.

CD69, a marker for tissue-resident memory T cells,?® and
found that the expression of CD100 was comparable on
biliary resident (CD69") and circulating (CD69) pop-
ulations (Figure 2G and Supplementary Figure 3D).
Together, these data further confirm reduced surface CD100
on biliary infiltrating immune cells, among which T cells are
the dominant population.

CD100 Reduction After Pathogenic Cholangio-
Immune Interaction

Bile duct dominance of the disease in patients carrying
the CD100 mutation has suggested a pathogenic role of
CD100 specifically affecting biliary sites. However, the
markedly diminished surface CD100 on biliary immune cells
indicates abolished CD100 signaling. To explain this

apparent paradox, we hypothesized that CD100 cleavage is
induced after the initiation of the local pathogenic immune
responses. To test our hypothesis, we traced CD100
expression in a reductionistic coculture system, with ex vivo
murine splenocytes, representing the recruited immune
compartment and cholangiocyte cell lines mimicking the
pathogenic immune responses at the biliary mucosal
barrier.

After coculture of WT and CD100-mutated splenocytes
with small or large cholangiocytes,'® we observed a similar
minor increase of cell death from 1% to 3% (Figure 34) in
both lines under unstimulated conditions. Upon stimulation
and activation of the immune cells, the death rate increased
specifically for large cholangiocytes and was more pro-
nounced for the cocultures that included CD100-mutated
splenocytes (Figure 3B), suggesting that this experimental

g
=
e
=
a
]
=




=
3
>
2
=
g
=<

672 Jiang et al Gastroenterology Vol. 166, Iss. 4

A All cells Disease status Source CcD100 B CD45+ 1500 *
> $ o e < 1000
o , . # . ;'f; " PBMC E
< - T - W S
= \ X P g o O 2 \ 8 500
- > | _ \ a
& & & Bile duct
| , ' 0
UMAP X P PS Expression J Non-PSC  PSC
Non-PSC PSC  PBMC Bile duct Lo-w _High PE-CD100
C o ® NK esB ® Neu ® Mon i
T 15004 §
PBMC = 3
S 1000 5\ A
[ / ‘ [\ /\ 3 500 i E\\
Bile duct W \ ‘ \ \
) A.dd \ B y | o I' II
PE-CD100 > T NK B Neu Mon
o PBMC @ Bile duct
D All T cells Disease status Source CD100
> %

) o Expression
Non-PSC PSC PBMC Bile duct

Low High
F O PBMC @ Bile duct Non-PSC PSC
—_— PSC: CD4 _— PSC: CD8
T T
= S 2000 G 1200
o o
o o —
a a <
g 8 1000 S 800
o
=]
0 Q 400
Naive TEMRA TEM TCM ©
o o o
0 T T T T
2500 Non-PSC: CD8 CD4 CD8 CD4 CD8
Non-PSC PSC

@ Bile duct-CD69"
@ Bile duct-CD69"*

CD100 MFI

Naive TEMRA TEM TCM
[ ] [ ] ©

Figure 2. CD100 expression on biliary infiltrating immune cells. (A) UMAP plots of total CD45" cells stratified by disease status
(PSC and non-PSC controls) and anatomical origin (PBMC or bile duct). The relative expression intensities of CD100 on total cells
are also shown in the UMAP analysis. (B) Representative histogram and summary of median fluorescence intensity (MFI) showing
surface CD100 expression on biliary infiltrating immune cells (bile duct) or PBMCs isolated from individuals with PSC (n = 6) or non-
PSC (n = 6). (C) CD100 expression on biliary immune subsets of PSC. B, B cells; Mon, monocytes; Neu, neutrophils; NK, natural
killer cells; T, T cells. The color pattern of each cell type is matched with what is shown in UMAP (all cells). (D) UMAP plots of total T
cells and the relative expression intensities of CD100. (E) CD100 expression on CD4 and CD8 T-cell subsets. Unpaired t test was
used for comparisons between CD4 and CD8 T cells. (F) CD100 expression on memory and naive T cells. Naive, naive T cells
(CD45RA™ C-C chemokine receptor type 7 [CCR7]"); TEMRA, T effector-memory cells with reacquired RA (CD45RATCCR7);
TEM, effector memory T cells (CD45RA~CCR7); TCM, central memory T cells (CD45RA~CCR7*). The color pattern of each subset
is matched with what shown in UMAP (all T cells). (G) CD100 expression on biliary-resident (CD69™) or circulating (CD697) T cells. If
not otherwise stated, statistical significance was determined using the paired t test. *P < .05, **P < .01.
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system seemingly recapitulates part of the immunopa-
thology driven by the CD100 mutation. We also assessed
senescence in cocultured cholangiocytes. Even though
senescence was increased after coculture, there was no
difference between the WT and mutated groups
(Supplementary Figure 5).

Next, we examined whether the increased cell death was
accompanied by reduced surface CD100 on cocultured

Small Large

5 sk 5 s 20
g4 o g4 o £15
£3 £ 3 £
3 g S 10
S2{qg S2 ho
© © o
(O O 1 o

0 0 0

Unstimulated

— Ctrl (cultured alone) mEmm Co-cultured with WT cells

CD100 Mutation-Involved Pathogenesis in PSC 673

immune cells (CD45"). Indeed, a clear reduction was
observed under both nonstimulated (Figure 3C) and anti-
CD3/CD28-stimulated (Figure 3D) conditions when cocul-
tured with large cholangiocytes. Cocultures with small
cholangiocytes exhibited less reduction of CD100 (Figure 3C
and D). Consistent with the observation in human biliary T
cells, the CD100 reduction on CD4 T cells was more pro-
nounced than on CD8 T cells (Figure 3C and D).
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Nevertheless, CD100 was still retained at some levels on the
surface of CD4 T-cell subsets at the time of harvest, and the
expression was similar or slightly higher on mutated than
WT cells (Figure 3E).

To evaluate whether MMP-induced cleavage is involved in
the CD100 reduction, we performed RNA sequencing of the
cocultured large cholangiocytes and analyzed the expression
of MMPs that have been previously reported to cleave
CD100.° Adam10, Adam17, and Mmp14 were constitutively
expressed in large cholangiocytes (Figure 3F), whereas
Adamts4 and Mmp8 were markedly increased after cocultur-
ing with activated immune cells (Figure 3G). Thus,
cholangiocyte-produced MMPs likely contribute to CD100
cleavage during pathogenic cholangio-immune interaction.
Coculturing with WT and mutated cells had the same impact
on MMP expression (Figure 3F). Taken together, these find-
ings suggest that the peribiliary-specific CD100 reduction in
PSC livers can be a consequence of feedback regulation driven
by cholangiocytes that are under immune attack.

Skewed T-Helper 17 Cell Differentiation in
Cholangiocyte-Adherent T Cells

The coculture system recapitulating the pathogenic
cholangiocyte-immune cell interaction also allowed us to
perform in-depth mechanistic assessments. We consistently
observed a group of immune cells adherent to chol-
angiocytes along with immune cells floating in the cell cul-
ture media (nonadherent), and the proportion of adherent
immune cells was further increased upon immune cell
stimulation (Supplementary Figure 6A4). The CD100-
mutated immune cells cultured with large cholangiocytes
had a higher propensity to adhere when they were stimu-
lated (Supplementary Figure 64). When all conditions were
analyzed together, we observed a strong linear relationship
between the death rate of cholangiocytes and abundance of
adherent immune cells (Supplementary Figure 6B). This
phenomenon suggests that the adherent immune cells are
likely to be pathogenic, and we found that T cells were
enriched in this layer (Supplementary Figure 6C).

P
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To examine the functional alterations of cholangiocyte-
adherent T cells, we purified T cells from the adherent
layer (adherent T) and the coculture suspension (non-
adherent T), respectively, for bulk RNA sequencing
(Figure 4A). The gene expression profile was notably altered
in adherent T cells compared with nonadherent T cells that
were exposed to the identical culture environment. We
identified 2880 up-regulated genes in adherent T cells and
1615 down-regulated genes (cutoff: P value < .05,
[log,foldchange| > 0) (Figure 4B).

KEGG pathway analysis of the differentially expressed
genes identified markedly dysregulated pathways of relevance
to bile duct inflammation (Figure 4C). The up-regulated genes
of the apoptosis pathways (P < 1.0E—6) in adherent T cells
encode growth factors and antiapoptosis proteins, such as
Bcl2ala and Bcl2ald (Figure 4D). Also, Tnf, Gzmb, and Fasl,
which are involved in cytotoxicity functions, were up-
regulated in adherent T cells (Figure 4D). These findings
suggest that the adherent T cells are protected from apoptosis
and more cytotoxic.

Several cytokine-related pathways were also identified,
among which T-helper 17 (Th17) cell differentiation (P <
.005) is of particular interest because pronounced Th17 cells
have been reported in PSC livers.?”*® Detailed examination of
candidate genes in the Th17 cell differentiation pathway
revealed that Thl7-related cytokines were up-regulated in
adherent T cells, including Ifng, Il117a, I1l17f, and II22
(Figure 4E). In addition, the increased expression level of 1123r
on T cells further supports the pathogenicity of induced Th17
cells in the adherent layer (Figure 4E), because interleukin
(IL) 23 has a critical role in endowing Th17 cells with path-
ogenic effector function.>! These changes were accompanied
by an altered IL17 signaling pathway in cholangiocytes from
the same culture, featured by II13 and 116, 2 cytokines known
to drive Th17 differentiation in PSC,*? and by Th17-related
chemokines including Cxcl2, Cxcl10, Ccl1l, and Ccl20
(Figure 4F). Il17rc, the gene that encodes the receptor for
IL17A and IL17F, also showed higher expression in chol-
angiocytes after coculture (Figure 4F).

<«

Figure 3. Coculture with cholangiocytes leads to CD100 reduction on T-cell surface. (A) Small or large cholangiocytes were
cultured alone or cocultured with splenocytes from WT and CD100 mutated mice without additional stimulation. The death rate
of cholangiocytes was accessed by dead cell marker stain and examined by flow cytometry (n = 4; means + standard error of
the mean). Small, small cholangiocytes; Large, large cholangiocytes. (B) The frequency of dead cholangiocytes was analyzed
after coculturing with activated immune cells. Indicated stimuli were added into the coculture. aCD3/28, soluble anti-CD3 and
anti-CD28; PMA, phorbol myristate acetate mixed with ionomycin. The dotted line indicates the average death rate under
unstimulated conditions. Significance was calculated by unpaired t tests. (C) Representative histogram and summary of
CD100 expression on total immune cells (alive CD45™" cells), CD4, and CD8 T cells in unstimulated coculture. Ctrl, cultured
alone; +Small, cocultured with small cholangiocytes; +Large, cocultured with large cholangiocytes. WT cells were used (n =
3). (D) Representative histogram and summary of CD100 expression on total immune cells, CD4 and CD8 T cells in the
coculture with aCD3/28. WT cells were used (n = 3). (E) CD100 expression was compared in WT (n = 3) and mutated immune
cells (n = 3) after coculturing with large cholangiocytes in the presence of aCD3/28. Fold change was calculated by
normalizing to average CD100 median fluorescence intensity (MFI) under unstimulated conditions. Significance was calculated
by unpaired t tests. (F) Heat map showing normalized read counts of MMPs in cocultured large cholangiocytes (RNA
sequencing data, n = 2-3). Ctrl, large cholangiocytes cultured alone; +WT, cocultured with WT immune cells; +Mut,
cocultured with mutated immune cells. (G) Statistical analysis of gene expression in F. Fold change (normalized to Ctrl) and
adjusted P value were calculated by DESeq2 (Bioconductor). Red, up-regulated after coculture; blue, down-regulated after co-
culture. Experiments were repeated at least twice. Statistical significance was determined using 1-way analysis of variance
tests, followed by Bonferroni’s correction if not specifically indicated. ns, not significant; *P < .05, *P < .01, **P < .001, ***P
< .0001.
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the mean. Statistical significance was determined using unpaired t tests. *P < .05, *P < .01, **P < .001.
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When the CD100-mutated T cells were compared with WT
T cells isolated from the adherent layer, we observed further
enrichment of the IL17 signaling and Th17 cell differentiation
pathways in mutated T cells (Figure 4G). These findings were
also evident on the protein level because the proportion of
Th17 T cells (CD4" retinoic acid-related orphan receptor -y
[RORyt]"IL17A™) was higher in adherent than in nonadherent
CD4 T cells and further increased in the CD100-mutated group
when assessed with flow cytometry (Figure 4H and
Supplementary Figure 2B). We also observed an increase of
Th17 cells among mutated immune cells when cocultured
with primary cholangiocytes (Figure 41).

The production of IL18 and IL6 were similar in chol-
angiocytes cocultured with WT or mutated cells in the pres-
ence of aCD3/CD28, implying the further skewed Th17
differentiation in mutated T cells is less likely to be cytokine-
dependent (Supplementary Figure 7). Collectively, the data
presented here suggest that cholangiocyte-immune cell cross
talk facilitates the pathogenic Th17 cell differentiation and
that the CD100 causal mutation can boost this process.

T-Helper 17 Cells Dominate Biliary-Resident CD4
T Cells in Patients

Based on the murine coculture experiments suggesting
Th17 differentiation driven by cholangiocyte-immune
interaction, we reasoned that T cells in the bile ducts of
humans would also display a Th17-enriched phenotype,
especially among tissue-resident CD4 T cells. Therefore, we
examined the Th17 proportion in leukocytes isolated from
ERCP samples.

To overcome the challenges in continuous RORyt staining
and phenotype alteration during the stimulation for IL17A
detection, we decided to use the marker CD161 for Th17
characterization®* and excluded other CD4 T-cell populations
that might express CD161 by TCR-Va7.2 (for MAIT cells) and
T-bet (for Thl cells). Also, because of the TEM dominance
among biliary CD4 T cells, we specifically compared the per-
centage of Th17 cells of TEM in PBMC and bile duct to rule
out the potential impacts caused by naive/memory status.
Indeed, the Th17 proportion of CD4 TEM was much higher in
bile duct than PBMC in both PSC and non-PSC samples
(Figure 5A). Biliary Th17 cells also displayed distinct pheno-
type compared with their PBMC counterparts, such as
decreased CD100 and increased tissue-resident marker CD69
(Figure 54). Cytokine production assays confirmed these cells
were more potent to secrete IL17A (Figure 5B).

We then zoomed into tissue-resident (CD69") T cells
and found they express higher RORyt (Figure 5C), which is
consistent with the findings in the murine system. The
percentage of Th17 cells was much higher in biliary-
resident (CD69™) than biliary-circulating (CD697) cells
(Figure 5D). We also observed that biliary-resident Th17
cells produced comparable IL17A as biliary-circulating Th17
cells but more IL2 and tumor necrosis factor (Figure 5E),
implying enhanced pathogenicity. Thus, we confirm that
Th17 cells are dominating biliary-resident CD4 T cells in
human livers with PSC or non-PSC cholangiopathies.

Gastroenterology Vol. 166, Iss. 4

Discussion

The present study suggests that CD100 exerts its func-
tional impact in bile duct inflammation through
cholangiocyte-immune cell cross talk and underscores an
active, proinflammatory role of cholangiocytes. The CD100
mutation is here involved in a previously undescribed biliary-
specific pathogenic process in which cholangiocytes facilitate
interacted CD4 T cells to undergo pathogenic Th17 differen-
tiation. Also, immune-challenged cholangiocytes can shape
local CD100 expression likely by up-regulating MMPs to
cleave surface CD100 from biliary infiltrating immune cells,
serving as a feedback response to immune insults. Similar
phenotypes, including cholangiocyte-driven Th17 differentia-
tion and reduced peribiliary CD100 expression, are also pre-
sent in diseased livers of patients with cholangiopathies but
not carrying the mutation. Therefore, our findings have
identified important key biliary-specific cellular players and
pathogenic processes that CD100 is involved in, which are
likely to have implications for biliary inflammation in general.

Increased Th17 differentiation in vivo and prominent
IL17 responses to microbial stimulation have been reported
in patients with PSC.?>*? In the previously raised theory, the
differentiation of Th17 cells is driven by microbe-stimulated
monocytes, and these cells are then recruited to portal areas
by cholangiocyte-produced chemokines.’” Herein, we
describe a distinct and complementary mechanism in which
Th17 cells are locally differentiated due to their interaction
with cholangiocytes.

In our reductionistic experiments, we cocultured chol-
angiocytes together with T cells, leading to Th17 cell lineage
bias. This is an interesting observation in general because
differentiation of T cells into helper cell lineages is a
complicated process contingent on numerous variable fac-
tors,***> whereas our data showed that cholangiocytes
appear to provide sufficient signaling for Th17 lineage. Our
results suggest a programmed fate decision for T cells after
interaction with cholangiocytes, which may advance the
understanding of bile duct local immunity and immune-
driven biliary diseases. This notion is in line with the
recent discovery of a population of liver-resident naive T
cells that have a propensity to acquire Thl7-associated
effector functions in PSC livers.*’

Our findings underscore an active, pathogenic role of
cholangiocytes in PSC progression. The signals provided by
these cells and the feedback responses mounted by them,
such as Th17 differentiating signals and MMPs that cleave
CD100 and generate proinflammatory sCD100, can actually
exacerbate the overall pathogenic inflammation. This
concept could partly explain the fact that immunosuppres-
sive treatments that lower the magnitude of pathogenic
immune activities show poor efficacy in PSC patients,*®*’
referred to as the immune paradox of PSC.*® Treatment
approaches combining inhibition of established inflamma-
tion and termination of cholangiocyte-driven pathogenic
factors could be a way forward. A role for cholangiocyte-
immune cross talk in promoting Th17 survival and expan-
sion was previously reported in PBC, but the mechanisms
described were through soluble factors®? and thus could not
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Figure 5. Th17 cells are dominant in tissue-resident CD4 TEM cells from patients with inflamed bile ducts. (A) Proportion of
Th17 (Va7.2 T-bet CD4"CD161" TEM) cells and their surface expression of CD100 and CD69 in PBMC and ERCP brush
samples (non-PSC, n = 6; PSC, n = 6). MFI, median fluorescence intensity. (B) The cytokine production capacity of Th17 cells
after stimulation with phorbol myristate acetate and ionomycin in patients with PSC. IFN, interferon; TNF, tumor necrosis
factor. (C) Representative histogram and statistical analysis showing that the biliary-resident (CD69™) T cells express higher
RORyt than biliary-circulating (CD69~) and PBMC T cells. (D) Proportion of Th17 (Va7.2 T-bet CD4*CD161" TEM) cells in
biliary resident and circulating CD4 TEMSs. (E) Cytokine production from biliary resident or circulating Th17 cells after phorbol
myristate acetate and ionomycin stimulation. Statistical significance was determined using paired or unpaired t tests or Mann-
Whitney or Wilcoxon’s signed rank tests. *P < .05, **P < .01, *™P < .001, ™*P < .0001.

explain the Th17 observations in only cholangiocyte-
adherent while not in suspension T cells in this study. Un-
derstanding and manipulating the surface molecular pairs
that mediate pathogenic cholangiocyte-immune cell

interaction may provide new approaches to mitigate biliary
inflammation in the future.

This study provides an explanation about how the CD100
mutation causes biliary-specific disease, but very limited
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CD100 protein expression can be detected at the diseased site.
Our data suggest that decreased CD100 on biliary infiltrating
immune cells is a feedback response driven by immune-
challenged cholangiocytes. The mutation would still be func-
tional at the initial phase of immunopathology because the
cleavage takes time and the pathogenic differentiation can be
established during CD100 reduction. In the current study, we
aimed to understand the pathogenic role of the CD100 causal
mutation, so our focus was more on the inflammation-
triggering or early-disease phase, or both. Despite a mecha-
nism through T cells described here, we cannot formally rule
out the possibility that the CD100 signals have additional roles
through other cell types in later stages, such as mast cells,
which are found in bile duct areas in fibrotic PSC livers.”>*

The CD100-plexin B2 interaction promotes tissue healing in
the skin and colon,***! so the cleavage of CD100 may also
contribute to biliary local inflammation by abolishing these
protective effects and generating proinflammatory sCD100.
That sCD100 can promote IL17 and IL22 production in T cells
has been shown.*” This effect appears to be minor in our
coculture system, because only T cells adherent to chol-
angiocyte were biased to Th17 differentiation but not the T
cells in the suspension, despite the identical culture environ-
ment. Thus, we assume that the interaction with cholangiocytes
provides much stronger or additional Th17 differentiation
signals to T cells than sCD100. Because Th17-related pathways
are more pronounced in mutated than in WT T cells and there
was no difference in cholangiocyte-secreted IL18 and IL6 in our
experimental system, the signal enhanced by the CD100 mu-
tation likely facilities Th17 development.

Conclusion

Although detailed molecular mechanisms remain to be
defined, the impact of cholangiocytes on pathogenic Th17 cells
is remarkable and highlights an active role of cholangiocytes in
PSC pathogenesis. Our findings also link the CD100 mutation
to Th17, which is a shared phenotype seen in patients with
PSC not carrying the mutation. This opens the possibility of
using mutation-specific tools to identify key molecules at the
core of pathogenic cholangiocyte-immune cell interaction as
general treatment targets for biliary inflammation.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2023.11.283.
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