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ABSTRACT

Objective Primary sclerosing cholangitis (PSC) is
characterised by bile duct strictures and progressive liver
disease, eventually requiring liver transplantation. Although
the pathogenesis of PSC remains incompletely understood,
strong associations with HLA-class Il haplotypes have

been described. As specific HLA-DP molecules can bind the
activating NK-cell receptor NKp44, we investigated the role
of HLA-DP/NKp44-interactions in PSC.

Design Liver tissue, intrahepatic and peripheral

blood lymphocytes of individuals with PSC and control
individuals were characterised using flow cytometry,

immunohistochemical and immunofluorescence analyses.

HLA-DPAT and HLA-DPB1 imputation and association
analyses were performed in 3408 individuals with PSC
and 34213 controls. NK cell activation on NKp44/HLA-
DP interactions was assessed in vitro using plate-bound
HLA-DP molecules and HLA-DPB wildtype versus knock-
out human cholangiocyte organoids.

Results NKp44+NK cells were enriched in livers,

and intrahepatic bile ducts of individuals with PSC
showed higher expression of HLA-DP. HLA-DP haplotype
analysis revealed a highly elevated PSC risk for HLA-
DPA1*02:01~B1*01:01 (OR 1.99, p=6.7x10">").
Primary NKp44+NK cells exhibited significantly higher
degranulation in response to plate-bound HLA-
DPA1*02:01-DPB1*01:01 compared with control
HLA-DP molecules, which were inhibited by anti-NKp44-
blocking. Human cholangiocyte organoids expressing
HLA-DPA1*02:01-DPB1*01:01 after IFN-y-exposure
demonstrated significantly increased binding to NKp44-
Fc constructs compared with unstimulated controls.
Importantly, HLA-DPA1*02:01-DPB1*01:01-expressing
organoids increased degranulation of NKp44+NK cells
compared with HLA-DPB1-KO organoids.

Conclusion Our studies identify a novel PSC risk
haplotype HLA-DP A1*02:01~DPB1*01:01 and provide
clinical and functional data implicating NKp44+NK cells
that recognise HLA-DPA1*02:01-DPB1*01:01 expressed
on cholangiocytes in PSC pathogenesis.

2,13

WHAT IS ALREADY KNOWN ON THIS TOPIC

= NK cells have been implicated in the
pathogenesis of primary sclerosing cholangitis
(PSC); however, the molecular mechanisms
mediating NK cell activation in PSC remain
unknown.

WHAT THIS STUDY ADDS

= This study identifies HLA-
DPA1*02:01~B1*01:01 as a risk haplotype
for PSC and demonstrates that NKp44+NK
cells can be activated via binding to HLA-
DPA1*02:01-B1*01:01 molecules expressed by
cholangiocytes.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our results may initiate further studies
to evaluate the potential of the NKp44/
HLA-DP interaction as a target for an
immunomodulatory therapy to attenuate
disease progression.

INTRODUCTION

Primary sclerosing cholangitis (PSC) is an immune-
mediated liver disease with increasing incidence
affecting approximately 7-16 in 100000 Euro-
peans.' Chronic inflammation in PSC leads to scar-
ring of intrahepatic and extrahepatic bile ducts.?
Consequently, people with PSC develop progressive
liver disease, eventually requiring liver transplanta-
tion.’ However, individuals with PSC do not benefit
from immunosuppressive treatments, and about
25% of patients develop recurrent disease after liver
transplantation under immunosuppressive treat-
ment.* Currently, there is no effective treatment to
prevent PSC disease progression, emphasising the
need to understand the molecular mechanisms of
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PSC pathogenesis in order to develop new therapeutic strate-
gies. Genetic risk associations within the human leucocyte
antigen (HLA) region, as well as non-HLA risk genes have been
described.”” Within the HLA-region, several HLA-DR/DQ risk
haplotypes have been identified,® while limited data are avail-
able regarding HLA-DP associations in PSC.” The high linkage
disequilibrium between HLA-class II alleles requires functional
validation of potential risk alleles.

Intrahepatic immune cells, including natural killer (NK) cells,
have been identified as sources of proinflammatory cytokines,
including IFN-y, driving persistent inflammation in PSC.'® NK
cells belong to the group of innate lymphoid cells (ILCs) and
are highly enriched within the liver," representing the largest
subpopulation of intrahepatic ILCs."* NK cell functions—such as
antiviral and antitumor activity and modulation of T cells" "*—
are tightly regulated by integration of signals from multiple acti-
vating and inhibitory receptors, including natural cytotoxicity
receptors (NCR). The NCR NKp44 binds to membrane-bound
and soluble ligands,”™" including a subset of HLA-DP mole-
cules,” providing a mechanism for interactions between NK
cells and HLA-class II molecules. HLA-class II molecules are
classically expressed on professional antigen-presenting cells,
but epithelial cells can also express HLA-class II molecules after
exposure to IFN-y, inducing expression of the class II transcrip-

tion activator.' ™
Here, we identified an HLA-DP PSC susceptibility
haplotype ~ HLA-DPA1*02:01~DPB1*01:01  (OR  1.99,

p=6.69x107°%) and demonstrate that NKp44 can bind to HLA-
DPA1%02:01-DPB1*01:01, resulting in NKp44 +NK cell activa-
tion. Human cholangiocyte organoids expressing the PSC risk
molecule HLA-DPA1*02:01-DPB1*01:01 upregulated HLA-DP
on stimulation with IFN-y and showed an increased binding
of NKp44, while degranulation of primary NKp44+NK cells
was reduced against HLA-DPB1 KO compared with HLA-DP
expressing WT cholangiocyte organoids. These findings identify
a novel PSC risk haplotype HLA-DP A1*02:01~DPB1*01:01
and provide clinical and functional data implicating NKp44 +NK
cells that recognise HLA-DPA1*02:01-DPB1*01:01 expressed
on cholangiocytes in PSC pathogenesis.

MATERIALS AND METHODS

Liver and peripheral blood samples

Liver tissue and matched peripheral blood (PB) samples were
obtained from individuals with PSC, primary biliary cholangitis
(PBC) or autoimmune hepatitis (AIH) undergoing liver trans-
plantation (ethics number PV4081) and individuals undergoing
surgery for liver metastases (non-diseased resection margins;
ethics number PV4898). Fresh biopsy samples were obtained
from individuals undergoing mini-laparoscopic liver biopsy
who consented for an additional biopsy to be taken for research
purposes (PV5184). Clinical parameters are provided in online
supplemental tables 1 and 2.

Immunohistochemical analyses of liver sections

Immunohistochemical analyses of PSC, PBC and AIH explant
liver and non-autoimmune liver disease (AILD) control
(non-alcoholic fatty liver disease, NAFLD) liver tissues were
performed (ethics number PV4081). Clinical parameters are
provided in online supplemental table 3. 5 um sections of
paraffin-embedded tissues were prepared. Tissues were depar-
affinised followed by heat antigen retrival at 121°C for 10 min
using $1699, pH6 (DAKO). Tissue sections were incubated with
anti-HLA-DPA1 (Atlas, HPA017967) or isotype control rabbit

poly IgG (abcam, ab37415) over night at 4°C. After washing with
TBS-T, secondary staining was performed with goat o-rabbit-
Biotin (LS-Bio, LS-C350860) for 30 min at room temperature.
For detection, after washing of the slides, ABC-AP (VECTA-
STAIN, AK-5000) was added for 30 min, followed by Permanent
Red staining (Zytomed Systems, ZUC001-125) for 7.5 min at
RT. Subsequently, haematoxylin staining was performed. Image
acquisition was performed using a Nikon eclipse Ni.

Immunofluorescence staining of liver biopsies
Immunofluorescence analyses were performed on residual histo-
pathological material from liver biopsies of patients included in
the livernet biobank (PV4081). Clinical parameters are provided
in online supplemental table 4. Samples were dewaxed in xylene
and rehydrated using a series of descending ethanol concentra-
tions. Heat induced antigen retrieval was performed in Target
retrieval solution pH9 (DAKO, S2367) using a pressure cooker
in the microwave (20min at 800W, 20 min at 600W). Samples
were blocked with 5%BSA/PBS+0.25% Tween-20. Sections
were incubated with primary antibodies over night at 4°C
(CDS56, Leica CD56-504-L-CE; CD435, Cell signalling 13917).
Secondary staining was performed with goat-anti-mouse AF555
(Invitrogen, A327027) and donkey-anti-rabbit AF477 (Invit-
rogen, A21206) with incubation at room temperature for 1 hour,
followed by nuclear staining with Hoechst 34580 (Sigma,
63493) for 30min. Sections were mounted in Fluoromount-G
(Invitrogen, 00-4958-02). Images were acquired with the same
settings using a Nikon eclipse Ti microscope. Per sample, 3
fields-of-view at 200-fold magnification were examined for the
presence of CD45+and CD45+CDS6+ lymphocytes.

Isolation and staining of PBMCs

PB (EDTA-treated) was obtained from healthy donors on written
informed consent (PV4780). PBMCs were isolated through
density-gradient centrifugation and surface molecule expres-
sion was analysed by flow cytometry using antibodies described
in online supplemental table 5. Samples were washed, fixed in
4% paraformaldehyde/phosphate buffered saline (PFA/PBS) and
analysed using a BD LSRFortessa.

Mechanic dissociation of liver tissue and staining of
intrahepatic lymphocytes

Intrahepatic lymphocytes were isolated as previously described.”
Surface molecules expressed by intrahepatic lymphocytes were
stained using the following antibodies: anti-CD45-AF700,
anti-CD56-BUV395,  anti-CD16-BV785,  anti-CD3/CD14/
CD19-BV510, anti-NKp44-PE, anti-NKp46-BV711, anti-
CXCR6-BV421, anti-CD69-PerCP-Cy5.5 and LIVE/DEAD
Fixable Near-IR Dead Cell Stain. Cells were fixed in 4% PFA/
PBS. For intracellular staining, cells were fixed and permeabilised
using FoxP3 Transcription Factor staining buffer set (Invitrogen)
and subsequently stained with RORYyt PE-CF594. Samples were
analysed using a BD LSRFortessa.

Processing of fresh liver biopsies for flow cytometric analysis
of intrahepatic lymphocytes

Biopsy samples were rinsed in cold wash medium (Iscove's Modi-
fied Dulbecco's Medium (IMDM)/2% FBS/1% penicillin/strep-
tomycin) and digested in IMDM supplemented with 2.5 mg/mL
collagenase and 0.1 mg/mL DNAsel for 30 min at 37°C in a water
bath. Digestion was stopped by adding cold wash medium and
samples were passed through a 70 um cell strainer. After washing
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in wash medium and subsequently in PBS, surface staining was
performed as described above.

Stimulation of intrahepatic lymphocytes

Cryopreserved intrahepatic lymphocytes were thawed. Lympho-
cytes were stimulated in the presence of brefeldin A (5 pg/mL)
with PMA (phorbol 12-myristate 13-acetate, 50ng/mL) and
ionomycin (1pug/mL) in RPMI/10% FBS for 5 hours (37°C, 5%
CO,) or left unstimulated under equal conditions. Anti-CD16-
FITC and anti-NKp44-PE were added when starting the stim-
ulation. After 5 hours, cells were washed and surface staining
was performed using anti-CD3/CD14/CD19-AF700, anti-
CD127-APC, anti-CD56-BV510, anti-CD45-PE-Cy5 and LIVE/
DEAD Fixable Near-IR Dead Cell Stain. Cells were fixed and
permabilised using FoxP3 Transcription Factor staining buffer
set (Invitrogen). Subsequently, intracellular cytokine staining
was performed using anti-TNF-BV605 and anti-IFNy-PE/Cy7.
Samples were analysed using a BD LSRFortessa.

HLA-DPA1 and HLA-DPB1 imputation and association analysis
PSC case and control cohorts of individuals of European
ancestry from 14 countries in Europe and North America
genotyped with Illumina’s Immunochip have been previ-
ously described.”* 6275 SNPs with minor allele frequen-
cies>0.1% were extracted from the extended HLA region
(chromosome 6, 25-34 Mb) and submitted to SNP Phasing
(using SHAPEIT2*) and HLA allele imputation (using
Beagle V.4.1?° to fill missing SNP genotypes for typed
markers, followed by HLA allele imputation with HIBAG?)
at loci HLA-DPA1 and HLA-DPB1 at full context four-
digit level.”® HLA-DPA1 and HLA-DPB1 imputation was
performed for a total number of 37621 individuals (3,408
PSC cases and 34213 controls). For the HLA-DPA1 locus
imputation was not possible for 1 of 37 621 individuals. For
the HLA-DPB1 locus imputation was not possible for 72 of
37621 individuals. Logistic regression association analyses
for individual HLA-DP alleles and DPA1-DBP1 haplotype
combinations was performed, adjusted for the first seven
principal components from principal component analysis
using FlashPCA2.%

Recombinant human NKp44/Fc-construct binding on HLA-
Class Il single-antigen beads

Binding of NKp44 to specific HLA-DP molecules was assessed
using LABScreen Single Antigen HLA Cclass II—Group 1 kit,
as previously described.'® Details are provided in online supple-
mental information.

Isolation of NK cells, NK cell stimulation and degranulation
assay

NK cells were enriched from PBMC via negative selection
using EasySep Human NK Cell Enrichment Kit (Stemcell).
NK cells were stimulated in RPMI-1640 (Gibco)/10% FBS
(Capricorn)+250U/mL IL2 (Peprotech)+10ng/mL IL15
(Peprotech) for 5-7 days at a concentration of 1x10° cells/
mL at 37°C/5% CO,. NK cell degranulation was assessed in
a plate-bound assay, as previously described.'® Details are
provided in online supplemental information.

Generation of cholangiocyte organoids

Cholangiocyte organoids were generated from human
liver tissue as previously described.’® In brief, liver tissue
was cut in small pieces and washed twice in wash medium

(Dulbecco's Modified Eagle Medium (DMEM) high glucose,
GlutaMAX, pyruvate with 1% FBS and 1% Pencillin/Strep-
tomycin). Single cells were obtained on enzymatic digestion,
using EBSS containing 2.5 mg/mL collagenase D and 0.1 mg/
mL DNase 1 at 37°C. Digestion was stopped by adding
4°C cold wash medium. Cell suspensions were passed
through a 70 um cell strainer. Cells were washed twice
and resuspended in Advanced DMEM/F-12 containing 1%
GlutaMAX, 10 mM HEPES and 1% Penicillin/Streptomycin
(AD+++). Cholangiocytes were collected by centrifuga-
tion and seeded in droplets of isolation medium (hL-ISO,
online supplemental table 6) and BME-2 at a ratio of 1:4.
HI-ISO was added and cells were cultured at 37°C/5% CO.,.
Medium was exchanged every 2-3 days. After the first 5 days
of culture, medium was changed to expansion medium (hL-
EM, online supplemental table 6). Cholangiocyte organoids
were passaged every 7-10 days.

Generation of HLA-DPB1 KO cholangiocyte organoids

CRISPR/Cas9 mediated knockout of HLA-DPB1 was performed
targeting HLA-DPB exon 1 (spacer sequence GGAAACCT-
GCAGAACCATCA) and is described in more detail in online

supplemental information.

Immunofluorescence staining of organoids
Immunofluorescence staining of organoids was performed as
previously described.>’ Details are provided in online supple-
mental information.

Flow cytometric analysis of cholangioyte organoids
Three-dimensional (3D)-matrix droplets containing organ-
oids were disrupted and washed twice in AD+++. Organoids
were dissociated to single cells by digestion in TrypLE Express
Enzyme (Gibco) at 37°C for up to 40 min. Digestion was stopped
by adding cold AD+++. Cells were washed, taken up in PBS
and transferred to a V-bottom 96 well-plate. Cells were subse-
quently stained for 20min at RT in the dark, washed, fixed in
4% PFA/PBS and analysed using a BD LSRFortessa.

NKp44/Fc-construct staining of cholangiocyte organoids
Organoids were dissociated to generate single cells as described
above, washed and stained with NKp44/Fc-chimaera (R&D
Systems) at a final concentration of 25ug/mL for 15min at
4°C. Secondary staining was performed with F(ab)2-goat-anti-
human-Fc R-PE antibody (Invitrogen) for 15 min at 4°C. Cells
were washed twice and stained with HLA-DP-APC (Leinco-
Technologies) for 15 min at RT. Cells were fixed with 4% PFA/
PBS and analysed at a BD LSRFortessa.

NK cell degranulation assay against cholangiocyte organoids

NK cells were isolated from cryopreserved PBMCs of autol-
ogous donors or individuals matched for HLA-Bw4/Bw6 and
C1/C2 motifs to organoid donor, and stimulated as described
above. WT and HLA-DPB1 KO organoids were expanded,
stimulated with IFN-y (200 U/mL, 72 hours) and dissociated
to single cells. Prestimulated NK cells were resuspended in
RPMI-1640/10% FBS at final concentration of 2x10° cells/
mL. Cholangiocyte organoids and NK cells were distrib-
uted to the respective conditions at a E:T ratio of 1:10 and
anti-CD107a-BV785 (BioLegend) was added. Plate-bound
anti-NKp44 and PBS only served as positive and negative
controls. Cells were incubated for 5hours at 37°C/5%
CO,, and subsequently stained with anti-CD3-BV510,
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anti-CD56-BV60S, anti-CD16-FITC, anti-NKp44-AF647,
anti-CD69-BV421 (all BioLegend) and LIVE/DEAD Fixable
Near-IR Dead Cell Stain (Invitrogen). Cells were washed,
fixed in 4% PFA and analysed at a BD LSRFortessa.

Data analysis and statistics

Flow cytometry data were analysed using FlowJo V.10 (Tree-
Star). Statistical analyses were performed using GraphPad Prism
V.9. Statistic tests used are indicated in the respective sections.

Patient and public involvement
Patients or public were not involved in the design or conduction
of our research.

RESULTS

Increased expression of HLA-DP on intrahepatic bile ducts
and decreased frequency of intrahepatic NKp44+ NK cells in
PSC

Intrahepatic and extrahepatic bile ducts are the site of mani-
festation of PSC, where inflammation leads to scaring of the
bile ducts. PSC is associated with increased levels of IFN-y'? %2
that induces HLA-class II expression on non-haematopoietic
cells.” As HLA-DP is a cellular ligand for the activating NK
cell receptor NKp44, we aimed to assess whether intrahepatic
HLA-DP expression can influence NK cell activation and there-
fore performed immunohistochemical analyses of HLA-DP on
liver sections from explant livers of individuals with PSC, PBC
and AIH, and liver tissue from individuals with NAFLD serving
as non-AILD control. As expected, explant livers of individ-
uals with end-stage liver disease showed bile duct proliferation,
resulting in larger areas of intrahepatic bile ducts compared with
NAFLD. While weak expression of HLA-DP was detectable on
the biliary epithelium of donors with NAFLD, AIH and PBC,
it was much more prominent on the biliary epithelium of indi-
viduals with PSC (figure 1A, online supplemental figure 1A, B).

Next, liver samples and matched PB samples of individuals
with PSC, PBC, AIH and control samples from non-diseased
resection margins of liver metastases as well as fresh liver biopsy
specimen of individuals with PSC, AIH, PBC or non-AILD
controls were used to determine the expression of NKp44 on NK
cells. Frequencies of NKp44+NK cells were significantly higher
in non-diseased control liver tissues compared with matched PB
samples (figure 1B). NK cells constituted a large population of
intrahepatic (ih) lymphocytes (figure 1C, online supplemental
figure 2A), as previously described.!! While frequencies of ihNK
cells were comparable in PSC, PBC and non-AILD, individuals
with ATH showed significantly decreased frequencies compared
with individuals with PSC (figure 1C). To further characterise
NK cell frequencies in liver tissues, we performed immunofluo-
rescence analyses of CD45 and CD56 expression on liver biop-
sies of individuals with PSC, AIH, PBC and NAFLD without liver
cirrhosis. While AIH biopsies showed a dominant infiltration of
CD45 +lymphocytes, we did not detect significant differences in
absolute numbers of CD56+CD45+ cells quantified per field
of view between PSC, PBC, AIH and NAFLD samples (online
supplemental figures S3, 4). In line with previously published
data, CD56 expression was also detectable on bile ducts of PSC,
PBC and AIH biopsies®®.

To further characterise liver-derived NK cell populations
by flow cytometry, liver residency of NK cells was defined by
expression of CXCR6.** Frequencies of liver-resident (Ir) NK
cells did not differ between individuals with PSC and other
AILD or non-AILD controls (figure 1D, online supplemental

figure 2A). However, individuals with PSC, but not individ-
uals with other AILD or non-AILD controls, showed signifi-
cantly reduced frequencies of NKp44+ihNKand IrNK cells
(figure 1E). Furthermore, no correlation between grade of
fibrosis and frequencies of NK cells within intrahepatic lympho-
cytes or expression of NKp44 was detectable (online supple-
mental figure 5). As ILCs can also express NKp44, we employed
a combined staining of CD127 and RORyt with NKp44, and
showed that the detected NKp44+NKcell populations belong
to the group of conventional intrahepatic and liver resident NK
cells, while NKp44+CD127+ RORyt+ILCs were very rare
(range: 0.0%-1.58% of CD3—/CD14—/CD19— intrahepatic
lymphocytes; online supplemental figure 6). In contrast to the
reduced frequencies of NKp44 expression on intrahepatic or
liver-resident NK cells in PSC, no alterations of NKp44 expres-
sion was detectable on PB NK cells (online supplemental figure
S2D).

We next evaluated potential differences in the activa-
tion status of NK cells in PB or liver samples. No significant
differences in expression of the activating NCR NKp46 on
intrahepatic or PB NK cells of people with PSC compared
with control individuals was observed. Expression of CD69,
a marker of liver residency and NK cell activation,* *° was
comparable on intrahepatic NK cells of all groups, while indi-
viduals with PBC or AIH showed significantly higher frequen-
cies of CD69+PBNK cells compared with non-AILD controls
(online supplemental figure 2B-F). We further investigated the
functional capacities of NKp44+ihNK cells on stimulation.
NKp44—ihNK cells and NKp44+ihNK cells of PSC, other
AILD and non-diseased resection margins of liver metastases
exhibited similar expression of IFN-y and TNF after stimu-
lation with PMA/ionomycin (online supplemental figure
7). Taken together, individuals with PSC exhibited elevated
expression of HLA-DP on intrahepatic bile ducts and reduced
frequencies of NKp44+ihNK cells.

Identification of HLA-DP A1*02:01 B1*01:01 as a
susceptibility haplotype for PSC

Several GWAS studies have identified risk genes for PSC, but the
impact of HLA-DP allotypes on PSC has not yet been investi-
gated. Since we detected an elevated expression of HLA-DP on
intrahepatic bile ducts in individuals with PSC, we investigated
associations between specific HLA-DP alleles and the risk to
develop PSC. HLA-DPA1 and HLA-DPB1 imputation and asso-
ciation analyses in 3,408 PSC cases and 34213 controls of Euro-
pean ancestry were performed and newly identified two PSC risk
alleles (HLA-DPA1*02:01 and DPB1*01:01) and two protective
alleles (HLA-DP A1*01:03 and DPB1%*03:01) with genome-wide
statistical significance (p<35x107%) (table 1, online supplemental
table 7). As these analyses identified one HLA-DPA and one
HLA-DPB allele associated with risk or protection from PSC,
respectively, and that haplotypes consisting of the respective
HLA-DPA and DPB alleles have been described,*® we performed
HLA-DP haplotype analyses. The HLA-DP haplotype anal-
ysis revealed that HLA-DPA1*02:01~DPB1*01:01 was highly
significantly associated with an increased risk of PSC (OR 1.99,
p=6.69%x10""°), whereas HLA-DPA1*01:03~DPB1*03:01 was
protective (OR 0.78, p=3.18x107") (table 1, online supple-
mental table 8). Taken together, these analyses of 3408 PSC cases
and 34213 controls identified HLA-DPA1*02:01~DPB1*01:01,
with a haplotype frequency of 9.5% in PSC cases and 4.7% in
controls, as a highly significant susceptibility haplotype for PSC.
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Figure 1  Upregulation of HLA-DP expression and reduced frequencies of intrahepatic NKp44+NK cells in individuals with PSC. (A) Representative
images of immunohistochemical analyses of HLA-DP (permanent red) in PSC, PBC and AlH-affected liver sections and non-AILD controls (NAFLD).
Scale bars indicate 100 um. Arrows point at intrahepatic bile ducts. (NAFLD n=6; PSC n=8, AlH n=6, PBC n=7). (B) Frequencies of NKp44+NK cells in
matched peripheral blood (PB) and intrahepatic (ih) NK cells of non-AILD liver tissue. (C) Frequencies of NK cells within intrahepatic (ih) lymphocytes
of individuals with PSC, AlH, PBC and non-AILD controls. (D) Frequencies of CXCR6+NK cells within ihNK cells of individuals with PSC, AlH, PBC and
non-AlILD controls. (E) Expression of NKp44 by intrahepatic (ih; middle panel), liver-resident (Ir; right panel) NK cells of individuals with PSC, AlH,
PBC and non-AILD controls. Left panel: representative flow cytometry plot (non-AILD—grey, PSC—magenta). Dots represent explant liver samples
and resection margins of liver metastases. Triangles represent fresh liver biopsies. Bars indicate the median. Wilcoxon test was used to assess
statistical differences between matched PB and liver samples (B). **p=0.0078. Kruskal-Wallis test (Dunn's post-test) was used to assess statistical
differences between PSC and control groups (C—E). (C) *p=0.0190, (E) ih NK cells *p=0.0169; Ir NK cells *p=0.0120. AlH, autoimmune hepatitis; AILD,
autoimmune liver disease; NAFLD, non-alcoholic fatty liver disease; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis.
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Table 1 Four HLA-DPA1 and HLA-DPB1 alleles are associated with
PSC in Europeans (3408 cases and 34213 controls) at genome-wide
significance level (p<5x1078)

AF AF

HLA allele/haplotype (cases) (controls) P value OR (95%Cl)

DPA1*01:03 0.80 0.83 8.91x10™""  0.81(0.76 to 0.86)
DPA1*02:01 0.17 0.14 7.49x107"® 132 (1.23t0 1.41)
DPB1*01:01 0.10 0.05 6.11x107%  1.83 (1.68 to 2.00)
DPB1*03:01 0.10 0.13 2.82x10°  0.78(0.72 t0 0.85)
DPA1*02:01|DPB1*01:01 0.095 0.047 6.69x10™°  1.99 (1.82 10 2.18)
DPA1*01:03|DPB1*03:01 0.103  0.126 3.18x10°  0.78(0.72 to 0.85)

Haplotype analysis using these four genome-wide significant HLA alleles revealed two
haplotypes at genome-wide significance level.

AF of HLA allele estimated from Immunochip data of PSC cases and controls.

P/OR: P value and corresponding allelic OR and 95% Cl regarding the presence of the HLA
allele. Full association results for each alleles and haplotypes tested are shown in online
supplemental table 7 and 8.

AF, allele frequency; PSC, primary sclerosing cholangitis.

HLA-DPA1*02:01-DPB1*01:01 molecules bind to NKp44 and
are associated with high HLA-DP surface expression

Although most studies have focused on HLA-class II interactions
with T cells, we recently described that a subset of HLA-DP
molecules can bind the activating NK cell receptor NKp44.'8
Given the elevated expression of HLA-DP on intrahepatic bile
ducts of individuals with PSC and the reduced frequencies of
ihNKp44+NK cells, we investigated whether the HLA-DP
molecules associated with differential PSC risk exhibited differ-
ences in binding to NKp44. Beads coated with specific HLA-DP
molecules were co-incubated with an NKp44/Fc-construct and
binding was quantified using a secondary antibody against Fc.
We confirmed that HLA-DPA1*02:01-DPB1*01:01 binds to
NKp44, while HLA-DPA1*01:03-DPB1*03:01 did not bind to
NKp44 (figure 2A).'8 Assessment of NKp44-binding to a total of
31 HLA-DP molecules showed that six other HLA-DP molecules
bound to NKp44 in addition to HLA-DPA1¥02:01-B1*01:01
(figure 2A). Of these six other NKp44-binding haplotypes,
only the HLA-DPA1*01:03~DPB1*04:01 allele combination
was present in the cohorts included in the analysis with a high
frequency of 44%, whereas the other five binding HLA-DP
molecules were very rare (frequencies of 1% or below). HLA-
DPB1%04:01 was, however, not associated with an elevated risk
for PSC (online supplemental table 7).

HLA-DPB1 alleles can be divided into two groups based on
SNP rs9277534A/G, which determines the expression level of
the HLA-DP beta-chain.’” While HLA-DPB1*04:01—the most
common beta chain that forms an NKp44-binding HLA-DP mole-
cule with the HLA-DPA1%*01:03 allele—is linked to rs9277534A
(low expression), the PSC risk allele HLA-DPB1*01:01 is linked
to rs9277534G (high expression) (figure 2A). To confirm that
the NKp44-binding HLA-DPA1*02:01~DPB1*01:01 PSC
risk haplotype was indeed expressed at high levels, flow cyto-
metric analysis of HLA-DP protein expression on the surface
of B cells, which constitutively express HLA-DP, from healthy
donors was performed. As previously described,*® individuals
with HLA-DP haplotypes linked to rs9277534G/G had high
HLA-DP expression levels (MdFI of HLA-DP=3469), whereas
HLA-DP haplotypes linked to rs9277534A/A exhibited low
surface expression of HLA-DP (MdFI of HLA-DP=1877,
p=0.034, figure 2B). Within our cohort, we had access to
PBMC:s from individuals that were heterozygous for the PSC risk
haplotype HLA-DPA1*02:01~DPB1*01:01 (rs9277534G) and
encoded for a second HLA-DPB1 allele linked to rs9277534A

(low expression). In these individuals, HLA-DP expression was
comparable to that observed in the rs9277534G/G individuals
(MdFI of HLA-DP=2984) (figure 2B, online supplemental table
9). Taken together, these data identify the PSC risk haplotype
HLA-DPA1%*02:01~DPB1%01:01 as an HLA-DP molecule that is
both highly expressed and binds to NKp44, while other common
HLA-DP molecules not associated with PSC risk were either not
binding NKp44 or expressed at low surface levels. Therefore,
we hypothesised that the combination of high expression and
NKp44-binding of HLA-DPA1*02:01-DPB1*01:01 molecules
might result in the activation of NKp44+NK cells in the liver,
contributing to the risk of developing PSC.

Binding of HLA-DPA1*02:01~DPB1*01:01 molecules to NKp44
leads to activation of NK cells

After  confirming  that NKp44 binds to  HLA-
DPA1*02:01-DPB1*01:01 molecules in a non-cellular assay,
we assessed whether this interaction also activated NKp44+NK
cells, using a plate-bound degranulation assay with primary
NK cells. Prior to the degranulation assay, NK cells were stim-
ulated with IL-2 and IL-15 to induce expression of NKp44.
Incubation of NKp44-expressing NK cells on plate-bound
HLA-DPA1*02:01-DPB1*01:01 molecules led to a signifi-
cantly increased degranulation of NK cells compared with
plate-bound HLA-DPA1*01:03-DPB1*03:01 molecules (percent-
ages CD107a+NK cells minus negative control: median 3.24
IQR 1.91-8.02 vs median 1.03 IQR 0.31-3.22, p=0.0078)
(figure 3A). Blocking of NKp44 prior to incubation with plate-
bound anti-NKp44 or HLA-DPA1*02:01-DPB1*01:01 signifi-
cantly reduced expression of CD107a by NK cells (figure 3B).
Next, we investigated the effect of NKp44-binding to HLA-DP
on NKp44 expression levels of NK cells, as binding of activating
NK cell receptors to their respective ligands has been described
to subsequently induce internalisation of the receptor.’’ Expres-
sion levels of NKp44 were reduced on binding to plate-bound
HLA-DPA1*02:01-DPB1%01:01, while plate-bound HLA-
DPA1*01:03-DPB1*03:01 molecules had no effect on expression
levels of NKp44 (figure 3C). Taken together, these data show that
binding of HLA-DPA1*02:01-DPB1*01:01 molecules to NKp44
leads to activation of primary human NKp44+NK cells and
subsequently reduced surface expression of NKp44. These data
furthermore provide a correlate for the decreased expression of
NKp44 observed on intrahepatic NK cells of individuals with PSC
(figure 1E), as HLA-DP expression was upregulated on intrahe-
patic bile ducts in individuals with PSC (figure 1A).

Increased binding of NKp44 to HLA-DP-expressing
cholangiocytes and HLA-DP-dependent activation of NKp44+
NK cells

The above results led to the hypothesis that elevated expression of
HLA-DP on bile ducts of individuals with PSC mediates activation
of ihNK cells via NKp44. To test this hypothesis, we generated
cholangiocyte organoids from human liver tissues. Cholangiocyte
organoids grew in cystic structures and expressed cholangiocyte
markers such as Cytokeratin 19 (figure 4A,B). On stimulation with
IFN-y, cholangiocyte organoids strongly upregulated HLA-DP
protein expression (figure 4C and D). Using cholangiocyte organ-
oids from four individuals with the PSC risk haplotype HLA-
DPA1%02:01~DPB1*01:01, we assessed the consequence of
HLA-DP upregulation on NKp44 binding, using NKp44/Fc-fusion
constructs. Binding of NKp44/Fc-construct to IFN-y-stimulated
HLA-DP+-cholangiocytes was significantly increased compared
with IFN-y-stimulated HLA-DP- cholangiocytes or matched
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A Number achain  Bchain rs9277534
- negative control
+ positive control
1 A1*01:03 B1*01:01 G
3 A1*01:03 B1*02:01 A
4 A1*02:02 B1*05:01 G
5 A1*01:03 B1*03:01 G
6 A1*01:05 B1*03:01 G
7 A1*02:01 B1*03:01 G
8 A1*01:03 B1*04:01 A
9 A1*01:03 B1*04:02 A
10 A1*02:01 B1*05:01 G
11 A1*02:01 B1*06:01 G
12 A1*01:03 B1*06:01 G
13 A1*02:01 B1*09:01 G
14 A1*02:02 B1*10:01 G
15 A1*01:03 B1*11:.01 G
16 A1*01:03 B1*28:01 n.d.
17 A1*02:01 B1*13:01 G
18 A1*02:02 B1*13:01 G
19 A1*03:01 B1*13:01 G
20 A1*02:01 B1*14:.01 G
21 A1*02:01 B1*15:01 G
22 A1*02:01 B1*17:01 A
23 A1*02:01 B1*18:01 G
24 A1*01:05 B1*18:01 G
25 A1*01:04 B1*18:01 G
26 A1*01:03 B1*19:01 G
27 A1*03:01 B1*20:01 G
28 A1*01:03 B1*23:01 A
29 A1*01:05 B1*28:01 n.d.
30 A1*04:01 B1*28:01 n.d.
31 A1*02:02 B1*11:01 G
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Figure 2 PSC HLA-DP susceptibility alleles encode for an NKp44-binding HLA-DP molecule (A) Median fluorescence intensity (MdFI) of NKp44
Fc-construct binding (x-axis) to HLA-DP coated beads. Depicted are median (line) and range (boxes) of three individual experiments. The dotted
line represents the MdFI of the positive control. Orange: HLA-DPA1*02:01-DPB1*01:01 (consisting of both PSC risk alleles), grey: all other HLA-DP
molecules with NKp44/Fc-construct binding above the positive control. Left: Table indicating HLA-DP alleles of the coated beads. Association of the
HLA-DP beta-chain alleles with the SNP rs9277534 is marked according to Schone et al 3 (B) MdFI of HLA-DP expression on CD3- CD19+CD20+ B
cells of healthy donors encoding for HLA-DP haplotypes linked to rs9277534G/G, rs9277534A/A or HLA-DPA1*02:01~DPB1*01:01 rs9277534G/A.
Each dot represents results from one donor. Bars indicate the median. Kruskal-Wallis test with Dunn’s post-test was used to assess statistical
differences between the groups. *p=0.034. PSC, primary sclerosing cholangitis.
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Figure 3  PSC susceptibility haplotype HLA-DP A1*02:01~DPB1*01:01 enables binding to NKp44, leading to activation of NK cells (A) Left panel:
representative plots of CD107a expression (y-Axis) of prestimulated NK cells on incubation with plate-bound anti-NKp44 (grey), HLA-DPA1*01:03-
DPB1*03:01 (blue), HLA-DPA1*02:01-DPB1*01:01 (orange) or PBS as negative control (black). Right panel: percentages of CD107a+NK cells in
the plate-bound degranulation assay after incubation with the respective HLA-DP molecules minus PBS negative control. Wilcoxon-signed rank
test was used to assess statistical differences between the different HLA-DP molecules; **p=0.0078. (B) Representative plots (upper panel) and
percentages of CD107a+NK cells (lower panel) in a plate-bound degranulation assay after incubation with anti-NKp44 (left) or the respective HLA-
DP molecules (middle HLA-DPA1*01:03-DPB1*03:01, right HLA-DPA1*02:01-DPB1*01:01) minus PBS negative controls after preincubation with
anti-NKp44 blocking antibody or the isotype control antibodies. Wilcoxon-signed rank test was used to assess statistical differences between the
groups. **p=0.0039 (aNKp44); **p=0.0078 (HLA-DPA201-DPB101). (C) MdFI of NKp44 expression on NK cells in the plate-bound degranulation
assay on incubation with PBS and plate-bound anti-NKp44 (left), HLA-DPA1*01:03-DPB1*03:01 (middle), and HLA-DPA1*02:01-DPB1*01:01 (right).
Lines connect the corresponding conditions of one donor. Wilcoxon-signed rank test was used to assess statistical differences between the groups.

**p=0.0039 (aNKp44); p=0.0547 (HLA-DPA201-DPB101).
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HLA-DPB1 KO cholangiocyte organoids (A) Immunofluorescence analyses of cholangiocyte organoids for Cytokeratin 19 (CK-19—green) and Hoechst

blue (blue). Full staining (right panel) and control IgG (left panel). Scale bar represents 100 pm. (B) Light microscopy images of cholangiocyte
organoids showing cystic structures. Scale bar represents 750 pm. (C) Immunofluorescence analyses of cholangiocyte organoids for Hoechst (blue)
and HLA-DP PE (red) unstimulated (left panel) and IFN-y-stimulated (right panel). Scale bar represents 100 um. (D) Left panel: Representative

plot of HLA-DP expression (x-Axis) of unstimulated (grey) and IFNy-stimulated cholangiocytes from organoids (red). Right panel: Percentage of
HLA-DP-+cholangiocytes from organoids within unstimulated or IFN-y-stimulated cultures. n=10, from five donors in three individual experiments.

Wilcoxon-signed rank test was used to assess statistical differences between the matched conditions. **p=0.002. (E) Left panel: representative plot of
HLA-DP expression (y-Axis) and NKp44/Fc-construct binding (x-axis) of cholangiocytes from organoids unstimulated (grey) or IFN-y-stimulated (red).
Right panel: MdFI of NKp44/Fc-construct binding to cholangiocytes from organoids unstimulated (grey) or IFN-y-stimulated HLA-DP- populations (red
circles) and IFN-y-stimulated HLA-DP-+populations (red dots). Friedman test with Dunn's post-test was used to assess statistical differences between
the groups. *p=0.0417; **p=0.001. (n=10, from four individual donors; performed in three individual experiments). (F) Expression of HLA-DP on WT
and HLA-DPB1 KO cholangiocytes from organoids after IFN-y-stimulation, performed in tree individual experiments. Left: representative plot: HLA-DP
(y-axis) and HLA-DR/DQ/DP-expression (x-axis) of WT (left) or HLA-DPB1 KO (right) cholangiocytes from organoids after stimulation with IFN-y (red)

and unstimulated control (grey), right: graph showing frequencies of HLA-DP+cholangiocyte organoid cells. (G) Depicted is the CD107a expression
of prestimulated NK cells after co-incubation with IFN-y-stimulated WT or HLA-DPB1 KO organoids minus PBS negative control. (NK cell donors:
autologous NK cells in triplicate—Dblue lines; HLA/KIR-ligand matched NK cells, one donor in duplicate—orange lines). One-tailed t-test to test the

hypothesis that HLA-DPB KO leads to reduced degranulation of NKp44+NK cells, p=0.044.
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unstimulated controls (figure 4E, online supplemental table 10),
demonstrating that IFN-y-induced expression of HLA-DP on
cholangiocytes can serve as a ligand for NKp44. To assess the func-
tional impact of this receptor/ligand interaction on the surface of
human cholangiocytes for NK cell activation, we generated HLA-
DPB1 knock-out organoids using parental organoids encoding for
the PSC risk haplotype HLA-DPA1*02:01~DPB1*01:01. After
stimulation with IFN-y, HLA-DPB1 KO organoids showed no
surface expression of HLA-DP, while pan-HLA-class II expres-
sion was similar to parental WT organoids (figure 4F). Coincu-
bation of autologous or HLA/KIR ligand-matched NKp44+NK
cells with IFN-y-stimulated HLA-DPB1 KO or WT organoids
demonstrated reduced degranulation of NK cells against HLA-
DPB1 KO organoids (figure 4G). Taken together, these results are
consistent with HLA-DPA1*02:01-DPB1*01:01-dependent acti-
vation of NKp44+NK cells by human cholangiocytes, providing
a functional correlate for the high OR for PSC risk associated with
HLA-DPA1%02:01~DPB1*01:01 in individuals encoding for this
HLA-DP haplotype.

DISCUSSION

Despite PSC being an immune-mediated disease, classical immuno-
suppressive treatments show no benefit,** and there are no targeted
therapies to treat PSC to date. In this study, we identified the HLA-DP
PSC susceptibility haplotype HLA-DPA1*02:01~DPB1*01:01
(OR 1.99, p=6.69x107% and demonstrate that NKp44 can
bind to HLA-DPA1*02:01-DPB1*01:01, resulting in activation of
NKp44+NK cells. Furthermore, cholangiocyte organoids gener-
ated from primary human cholangiocytes encoding for the PSC
risk haplotype HLA-DPA1*02:01~B1*01:01 showed upregulation
of HLA-DP on stimulation with IFN-y, and HLA-DP-dependent
activation of primary NKp44+NK cells. This study identifies HLA-
DPA1*02:01~DPB1*01:01 as novel risk haplotype for PSC and
implicates HLA-DP/NKp44-mediated NK cell activation in the
pathogenesis of PSC.

Although the immunopathogenesis of PSC remains incompletely
understood, studies have shown that IFN-y levels in individuals
with PSC are elevated,'” ** which is a critical inducer of HLA-
class II expression on non-haematopoietic cells, such as epithelial
cells.”” *! Multiple HLA-DR and -DQ risk haplotypes for PSC have
been identified so far,® while data on HLA-DP association with PSC
are scarce,” and functional data supporting the clinical relevance
of the described HLA-class II associations are lacking. The HLA-
class 1 region exhibits high linkage disequilibrium between the
HLA-DR, HLA-DQ and HLA-DP loci, most prominent between
the DR and DQ loci and less pronounced between DR-DQ and
-DP** HLA-DP associations with disease risk have been described
for different immune-mediated and infectious diseases, including
graft-versus-host disease, AIH and hepatitis B virus infection.’s ¥~
These disease associations have been linked to the SNP rs9277534
located in the 3’ untranslated region of HLA-DPB that regulates
the expression level of the HLA-DP beta-chain, and segregates
HLA-DP alleles into HLA-DP molecules with low (rs9277534A)
or high (rs9277534G) expression.”” ** * Interestingly, our analysis
using 3,408 PSC cases and 34213 controls revealed no association
for the SNP rs9277534 alone with PSC risk, but identified HLA-
DPA1*02:01~B1*01:01 as a highly significant risk haplotype for
PSC (OR 1.99, p=6.69x107%%). The identified PSC risk haplotype
HLA-DPA1*02:01~DPB1*01:01 was present in 95/1000 affected
individuals and 47/1000 non-affected controls. It may, therefore,
be regarded as one of the genetic factors modulating the suscepti-
bility for a multifactorial disease in individuals of European ancestry
encoding for this HLA-DP haplotype. Importantly, both the risk

haplotype HLA-DPA1%*02:01~DPB1*01:01 as well as the identified
protective haplotype HLA-DPA1*01:03~DPB1*03:01 (OR 0.78,
p=3.18%x107") are linked to rs9277534G.” This indicates that the
association of HLA-DP haplotype and PSC risk is not mediated by
HLA-DP expression levels alone, but required additional pathogenic
mechanisms.

Studies of PSC pathogenesis have largely focused on adaptive
immune responses towards gut-derived antigens and T-cell medi-
ated inflammation.**™ Differential effects of NK cells in promoting
or limiting hepatic damage have been described’’; however, there is
increasing evidence for a role of NK cells in driving inflammation in
PSC.""*! Previous studies have shown that NK cells can be activated
through the interaction of the NCR NKp44 with a subset of HLA-DP
molecules, primarily including low-expressed HLA-DP molecules
linked to rs9277534A, such as HLA-DPA1*01:03-DPB1*04:01."
The PSC risk haplotype HLA-DPA1*02:01~DPB1*01:01 is a
rare exception, representing a high-expressed HLA-DP molecules
linked to rs9277534G that binds to NKp44. Our data furthermore
demonstrate that HLA-DPA1*02:01-DPB1¥01:01, but not other
more common high-expressed HLA-DP molecules, such as HLA-
DPA1*01:03-DPB1*03:01 identified here as a protective haplo-
type for PSC, activates primary NK cells in an NKp44-dependent
manner. NKp44 was expressed more frequently on intrahepatic
compared with PB NK cells, in accordance with published data,’
but the frequencies of intrahepatic and liver-resident NKp44+NK
cells were reduced in PSC-affected liver. These ex vivo data are
consistent with the downregulation of NKp44 expression on NK
cells after binding to HLA-DP we observed in vitro, indicating that
reduced frequencies of intrahepatic NKp44 +NK cells in PSC might
result from NKp44 interactions with HLA-DP-expressing cells.

Studies of liver tissues from individuals with PSC have
demonstrated that Kupffer cells and lymphoid cells, but also
bile ducts, express HLA-class II molecules.”> Human biliary
epithelial cells have been shown to express lymphocyte adhe-
sion molecules such as LCAM-1 and CD58°* and to directly
interact with lymphocytes, for example by presenting antigens
to NKT cells.’® °® However, there are no studies of NK cell/
cholangiocyte interactions to date. Immunohistochemical anal-
yses confirmed HLA-DP expression on intrahepatic bile ducts
and showed elevated expression levels of HLA-DP in PSC livers
compared with controls. To experimentally assess binding of
NKp44 to HLA-DP on human cholangiocytes, we used chol-
angiocyte organoids. Cholangiocyte organoids as 3D-culture
models have gained increasing importance over the last years in
disease modelling and regenerative approaches.’® >’ Cholan-
giocyte organoids strongly upregulated HLA-DP molecules on
stimulation with IFN-y, and HLA-DP-positive cholangiocytes
derived from individuals encoding for the PSC risk haplotype
HILA-DPA1%02:01~DPB1*01:01 showed increased binding of
NKp44/Fc-constructs. Importantly, NKp44+NK cells exhib-
ited higher degranulation in response to HLA-DPA1¥02:01-
DPB1*01:01-expressing cholangiocyte organoids than against
cholangiocyte organoids in which HLA-DPB1 was knocked
out. These data show that NKp44 can bind to cholangiocytes
expressing the newly identified PSC risk HLA-DP molecule,
resulting in HLA-DP-dependent activation of NKp44+NK cells.
These findings implicate NK cells in PSC pathogenesis, empha-
sising the need of further studies to identify approaches to
modulate NK cell activation in PSC, with the aim of attenuating
disease progression.

The majority of individuals with PSC develops concomitant
inflammatory bowel disease (PSC-IBD).* The protective and risk
HLA-DP haplotypes discovered in this study were equally present
in individuals with PSC-IBD and PSC without concomitant IBD
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(online supplemental table 11). HLA-DP expression on inflamed
colonic epithelium may therefore also lead to activation of intes-
tinal NKp44+NK cells and NKp444+RORyt+ILCs. The latter are
known to develop independent of intestinal bacterial colonisation
and produce IL-22 under homeostatic conditions,”’ ' while NKp44
engagement leads to the production of TNF,** and might therefore
further promote intestinal inflammation in the context of elevated
HLA-DP expression. As recently demonstrated in the context of
ulcerative colitis, TNF production of intestinal NKp44+ILCs
increased after incubation with NKp44-binding HLA-DP molecules
compared with incubation with NKp44-non-binding HLA-DP mole-
cules.”” To determine the role of NKp44/HLA-DP interactions for
colonic inflammation in PSC-IBD, further investigations are needed,
including comparative analysis to ulcerative colitis and Crohn’s
disease. Taken together, these studies combining genetic association
studies of PSC risk, patient samples and in vitro human cholangio-
cyte organoid models identify HLA-DPA1*02:01~DPB1*01:01 as
a highly significant risk haplotype for PSC that can be recognised
by NKp44+NK cells and induce NK cell activation. These results
implicate functional interactions between NKp44 and HLA-DP in
progressive liver inflammation in PSC, providing a potential novel
target for immunotherapies.
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