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BACKGROUND & AIMS: Ulcerative colitis (UC) is characterized
by severe inflammation and destruction of the intestinal
epithelium, and is associated with specific risk single nucleotide
polymorphisms in HLA class II. Given the recently discovered

interactions between subsets of HLA-DP molecules and the
activating natural killer (NK) cell receptor NKp44, genetic as-
sociations of UC and HLA-DP haplotypes and their functional
implications were investigated. METHODS: HLA-DP haplotype
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and UC risk association analyses were performed (UC: n =
13,927; control: n = 26,764). Expression levels of HLA-DP on
intestinal epithelial cells (IECs) in individuals with and without
UC were quantified. Human intestinal 3-dimensional (3D)
organoid cocultures with human NK cells were used to deter-
mine functional consequences of interactions between HLA-DP
and NKp44. RESULTS: These studies identified HLA-
DPA1*01:03-DPB1*04:01 (HLA-DP401) as a risk haplotype and
HLA-DPA1*01:03-DPB1*03:01 (HLA-DP301) as a protective
haplotype for UC in European populations. HLA-DP expression
was significantly higher on IECs of individuals with UC
compared with controls. IECs in human intestinal 3D organoids
derived from HLA-DP401”% individuals showed significantly
stronger binding of NKp44 compared with HLA-DP301"°° 1ECs.
HLA-DP401°°° 1ECs in organoids triggered increased degranu-
lation and tumor necrosis factor production by NKp44"™ NK
cells in cocultures, resulting in enhanced epithelial cell death
compared with HLA-DP301P* organoids. Blocking of HLA-
DP401-NKp44 interactions (anti-NKp44) abrogated NK cell
activity in cocultures. CONCLUSIONS: We identified an UC risk
HLA-DP haplotype that engages NKp44 and activates NKp44™
NK cells, mediating damage to intestinal epithelial cells in an
HLA-DP haplotype-dependent manner. The molecular interac-
tion between NKp44 and HLA-DP401 in UC can be targeted by
therapeutic interventions to reduce NKp44" NK cell-mediated
destruction of the intestinal epithelium in UC.

Keywords: Ulcerative Colitis; NK Cells; NKp44; HLA-DP; Intes-
tinal Organoids.

Icerative colitis (UC) is a chronic inflammatory

disease of the colon and rectum, with higher prev-
alence in high-income countries." Current therapeutic stra-
tegies of mild to moderate UC aim to reduce inflammation
with, for example, aminosalicylates or topical corticosteroids,
whereas systemic corticosteroids, biologicals (ie, anti-tumor
necrosis factor [TNF] or anti-a4/87) and small molecules
(ie, JAK inhibitors) are used in patients with moderate to
severe and steroid refractory UC cases.>™* Nonetheless, even
with the newest medications, frequent and severe flare-ups
are observed in individuals with UC, and long-term remis-
sion is achieved in <50% of affected patients, indicating the
complex mechanisms underlying UC.”

To maintain intestinal homeostasis, a balanced interplay
between the intestinal microbiota, intestinal epithelial cells
(IECs), and immune cells is required.® In UC, homeostasis is
disrupted and destruction of the epithelium, atrophy of
crypts, and immune cell infiltration is observed.”® Although
the precise etiology of UC remains unknown, multiple fac-
tors have been suggested to contribute to the pathogenesis
of UC, ranging from host to environmental factors. Specif-
ically, genes encoding HLA class I and class II have been
associated with UC, as well as genes regulating epithelial cell
functioning.”'’ Furthermore, dysregulated responses of
innate immune cells, as well as CD4" T cells, are observed
and implicated in the pathogenesis of UC.'""*? Although the
role of natural killer (NK) cells in UC is less investigated,
NKG2A" NK cells have been suggested to play a role in the
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

The chronic intestinal inflammatory disease ulcerative
colitis (UC) affects millions of individuals worldwide;
however, the precise etiology of UC is unknown. HLA
molecules have been associated with risk for UC and
the recent finding that the activating NK cell receptor
NKp44 binds subsets of HLA-DP molecules suggested
that NK cells might contribute to intestinal inflammation.

NEW FINDINGS

A specific genotype of the HLA class Il molecule HLA-DP,
HLA-DPA1*01:03-DPB1*04:01, was identified as a UC
risk haplotype. Such HLA-DP molecules expressed on
intestinal epithelial cells were able to bind NKp44 and
activate NKp44™ NK cells leading to intestinal epithelial
damage.

LIMITATIONS

Our cohort consisted mainly of individuals of European
ancestry and whether these interactions play a role in
UC in populations of non-European ancestry needs to
be further investigated.

BASIC RESEARCH RELEVANCE

Targeting the NKp44-HLA-DP interaction might
constitute a promising future therapeutic approach to
decrease epithelial damage by NK cells in patients with
UC carrying the UC risk HLA-DP haplotype.

regulation of innate immune cell functions in UC."* In
addition, polymorphisms in killer immunoglobulin-like re-
ceptor genes, encoding for activating and inhibitory NK cell
receptors that bind to HLA [ molecules, have been linked to
UC.'*'® Furthermore, innate lymphoid cells (ILCs), which
share features of NK cells, have been implicated in inflam-
matory bowel disease (IBD).***’

Recently, our group demonstrated that the activating NK
cell receptor NKp44 binds to subsets of HLA-DP mole-
cules,'® allowing direct interactions between NK cells and
HLA-DP-expressing cells. Studies by Biton et al and other
groups reported that IECs can express HLA class Il mole-
cules.'”"?* Taken together, these recent observations led us
to investigate the role of specific HLA-DP/NKp44 in-
teractions in UC. An HLA-DP haplotype and association an-
alyses of individuals with UC and controls was performed
and identified HLA-DPA1*01:03-DPB1*04:01 as a risk
haplotype and HLA-DPA1*01:03-DPB1*03:01 as a protective
haplotype for UC. Phenotypical characterization of colon

* Authors share co-first authorship; S Authors share co-senior authorship.

Abbreviations used in this paper: cDNA, complementary DNA; 3D, 3-
dimensional; EM, expansion medium; FBS, fetal bovine serum; IBD, in-
flammatory bowel disease; IEC, intestinal epithelial cell; IEL, intraepithelial
lymphocyte; IFN, interferon; IL, interleukin; ILC, innate lymphoid cell; NK,
natural killer; TNF, tumor necrosis factor; UC, ulcerative colitis.
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samples revealed increased HLA-DP expression levels by
IECs in individuals with UC. Cocultures of human intestinal
3-dimensional organoids and NK cells revealed that
expression of the UC risk HLA-DP401 molecule by IECs
strongly activated NKp44* NK cells and induced TNF pro-
duction, resulting in increased epithelial cell death in orga-
noids, whereas the UC protective HLA-DP301 molecule did
not. These findings revealed a molecular interaction be-
tween NKp44™1 NK cells and HLA-DP401 on IECs in UC that
can be targeted in therapeutic interventions to reduce NK
cell-mediated epithelial tissue damage.

Materials and Methods

HLA-Haplotype Cohort Analysis

The cohort analysis included 13,927 UC cases and 26,764
controls of mostly European ancestry. HLA-DPA1, and -DPB1
genotypes were imputed from quality-controlled single nucle-
otide polymorphism genotypes. These data, as well as genotype
quality control data, have been described previously.”** To
compare results from different imputation methods and
imputation reference panels, we performed imputation with
the Michigan Imputation Server’” and using HLA genotype
imputation with attribute bagging. For detailed description of
both imputation methods, see the Supplementary Material.

Statistical Analysis of HLA-Haplotype Analysis

Logistic regression analysis was performed for each allele
and haplotype on the case-control status for UC using the first 5
principal components derived from whole-genome single
nucleotide polymorphism data.?* Allele and haplotype fre-
quencies were calculated and only alleles and haplotypes with
frequencies >0.5% were retained. Alleles missing in either
respective data set were assigned allele frequency <0.005. The
data from both analyses were combined and corrected for
multiple testing using the multiple correction method of
Bonferroni-Holm. All analyses were conducted in R, version
3.6.2.

Recombinant Human Fc Construct Binding to
HLA Class lI-Coated Beads

Screening of HLA class II-coated beads was performed as
described previously.'® In brief, recombinant human NKp44 Fc
construct (2249-NK-050; R&D Systems, Minneapolis, MN), re-
combinant human LAG-3 Fc construct (2319_L3-050; R&D
Systems), or recombinant human FcRL6 Fc construct®® was
incubated with a mixture of HLA class Il-coated beads
(LS2A01; OneLambda, Canoga Park, CA). Uncoated beads were
used as negative control and IgG-coated beads as positive
control. Samples were washed, incubated with a F(ab’)2 goat-
anti-human IgG PE secondary antibody (10129892; Thermo
Fisher, Waltham, MA) and binding of Fc constructs was quan-
tified using Luminex xMAP technology on a Bio-Plex 200 (Bio-
Rad, Hercules, CA).

Intestinal Tissue Samples

Human intestinal tissues were obtained at surgery for in-
testinal anastomosis reconstruction or colectomy at the Uni-
versity Medical Center Hamburg-Eppendorf. Collection of tissue
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samples was approved by the ethics committee of the Medical
Association of the Freie Hansestadt Hamburg (Arztekammer
Hamburg) and donors provided written informed consent.
Seventeen male and 22 female donors were included; median
age was 57 years (Supplementary Table 1). They included 12
donors with UC. Control samples were obtained from in-
dividuals who underwent a tissue resection for carcinoma or
reconstruction of anastomosis.

Immunohistochemistry Staining of Tissue
Sections

After formalin fixation and paraffin wax embedding, sec-
tions of control and UC intestinal tissue samples were depar-
affinized in Xylene and cooked at 121°C in presence of antigen
retrieval solution (S1699, Dako Target Retrieval Solution; Agi-
lent Technologies, Santa Clara, CA). Sections were incubated
with HLA-DP (HPA017967; Sigma-Aldrich, St Louis, MO) or
isotype control antibody (ab37415, rabbit poly IgG; Abcam,
Cambridge, UK) followed by incubation with the secondary
antibody (LS-C350860, goat-anti-rabbit biotinylated antibody;
LSBio, Seattle, WA). Biotinylated antibody binding sites were
detected with the streptavidin-alkaline phosphatase complex
(AK-5000, Vectastain ABC-AP Kit; Vector Laboratories, Newark,
CA), followed by visualization using liquid permanent red
(ZUC001-125; Zytomed Systems, Berlin, Germany). Sections
were counterstained with hemalumn (1.09249.2500; Sigma-
Aldrich). Images were acquired using an EVOS M5000 imag-
ing system (Thermo Fisher).

Intestinal Epithelial Cell and Lymphocyte Isolation

IECs and intraepithelial lymphocytes (IELs) were isolated
from adult intestinal tissue samples as described previously and
validated to isolate the superficial epithelial layer.?”*® In short,
the muscular layer and fat were mechanically removed from the
intestinal tissue samples. IECs and IELs from intestinal tissues
were obtained after incubation of the intestinal tissue samples
with Iscove’s modified Dulbecco’s medium (10135083; Thermo
Fisher Scientific) supplemented with EDTA (5 mM, V4231;
Promega, Madison, WI), 1,4-dithiothreitol (6908.1; Carl-Roth
GmbH+Co. KG), and 1% fetal bovine serum (FBS, FBS-114;
Capricorn, Diisseldorf, Germany). To isolate lamina propria
lymphocytes, intestinal tissue, now devoid of the epithelial layer,
was minced and incubated in Iscove’s modified Dulbecco’s me-
dium supplemented with 1 mg/mL Collagenase D
(11088882001; Sigma-Aldrich), 1% FBS, and 1000 U/mL DNasel
(07470; StemCell Technologies). The cell suspension was filtered
through a 70-um cell strainer and lamina propria lymphocytes
were obtained after a 60% standard isotonic Percoll (17-0891-
62; Sigma-Aldrich) density gradient centrifugation.

For flow cytometric analyses, IECs were stained with anti-
EpCAM-BV421 (#324220; Biolegend, San Diego, CA), anti-
CD45-BV785 (#304048; Biolegend), anti-HLA-DP-BUV737
(#750942; BD Biosciences, San Jose, CA), anti-HLA-DQ-APC
(H242-100; Leinco Technologies, St Louis, MO), anti-HLA-DR-
BV711 (#307644; Biolegend), and LIVE/DEAD Fixable Near-IR
Dead Cell Stain Kit (L34976; Thermo Fisher). Cells were fixed
using BD Cellfix (340181; BD Biosciences) and analyzed using a
BD LSR Fortessa (BD Biosciences). IELs were enriched after
epithelial cell layer dissociation using density gradient centri-
fugation (LSM-A; Capricorn) and stained with anti-CD3-
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BUV395 (#563546; BD Biosciences), anti-CD45-AF700
(#368514; Biolegend), anti-CD16-BUV737 (#612786; BD Bio-
sciences), anti-CD56-BV785 (#362550; Biolegend), anti-
NKp44-PE (#325108; Biolegend), anti-CD127-PE-Dazzle
(#351336; Biolegend), anti-CD14-PE-Cy7 (#301814; Bio-
legend), anti-CD19-PE-Cy7 (#363012; Biolegend), anti-BDCA2-
PE-Cy7 (#354214; Biolegend), anti-CD1a-PE-Cy7 (#300122;
Biolegend), anti-CD123-PE-Cy7 (#306010; Biolegend), anti-
CD34-PE-Cy7 (#343516; Biolegend), and LIVE/DEAD Fixable
Near-IR Dead Cell Stain Kit. Fixation was performed with BD
Cellfix and cells were analyzed using a BD LSR Fortessa.

RNA Isolation and Reverse Transcription
Quantitative Real-Time Polymerase Chain
Reaction

RNA was retrieved from cells of the intestinal epithelium
using Trizol (15596018; Thermo Fisher) according to the
manufacturer’s instructions. RNA was treated with RNase Out
(10777019; Thermo Fisher) and DNase [ (AM2224; Thermo
Fisher) before transcribing 1 ug RNA into complementary DNA
(cDNA) using the qgScriber ¢cDNA synthesis Kit (RTK0104,
highQU; Kraichtal, Germany). cDNA templates were mixed with
TNF, interferon (IFN)-gamma, glyceraldehyde 3-phosphate de-
hydrogenase primer pairs (Supplementary Table 2), and the
QuantiFast SYBR Green PCR Kit (204057; Qiagen, Hilden, Ger-
many). Quantitative polymerase chain reactions were per-
formed on the Lightcycler 96 System (Roche, Basel,
Switzerland). For calculating the relative gene expression,
target Cr values were normalized to a reference gene (glycer-
aldehyde 3-phosphate dehydrogenase) and log, transformed.

Human Intestinal Organoid Cultures

Human intestinal organoids from adult intestinal tissue
samples were generated as described previously.”®*° In brief,
isolated 1ECs were washed with ice-cold AD+++ (Advanced
Dulbecco’s modified Eagle’s medium/F12 (12634-028;
Thermo Fisher) containing 1% GlutaMAX (35050061; Thermo
Fisher), 10 mM HEPES (15630056; Thermo Fisher), and 1%
penicillin/streptomycin (P4333; Sigma-Aldrich), and resus-
pended in ice-cold growth factor-reduced Matrigel (356231;
Corning, Corning, NY). Matrigel droplets were seeded in pre-
warmed 24-well plates (662160; Greiner, Frickenhausen,
Germany) and covered with expansion medium (EM;
Supplementary Table 3) supplemented with 10 uM Rho kinase
inhibitor Y-27632 (72308, StemCell, Vancouver, Canada).
Medium with Y-27632 was refreshed every 2-3 days until
first passage. Intestinal organoids were cultured at 37°C and
5% CO, and passaged weekly by mechanical disruption. EM
was refreshed every 2-3 days.

Human Intestinal Organoid Cytokine Stimulation
Human intestinal organoids were stimulated for 12 hours,
24 hours, 48 hours, or 72 hours with different concentrations of
IFN-gamma (300-02; Pepro-Tech, Hamburg, Germany), TNF
(210-TA/CF; R&D Systems), or both cytokines. Intestinal
organoids were dissociated into single cells using TrypLE Ex-
press (12605028; Thermo Fisher) and used for antibody
staining. Cells were stained with anti-EpCAM-BV421, anti-
CD45-AF700, anti-HLA-DP-BUV737, and LIVE/DEAD Fixable
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Near-IR Dead Cell Stain Kit, fixed using BD Cellfix and analyzed
using a BD LSR Fortessa.

Preparation of Human Natural Killer Cells From
Blood Samples

All donors provided written informed consent to obtain
peripheral blood mononuclear cells and studies were approved
by the Ethics Committee of the Arztekammer Hamburg. NK
cells were isolated as described previously'® and after 5-7 days
stimulation with 250 U/mL interleukin (IL)-2 (200-02; Pepro-
Tech) and 10 ng/mL IL-15 (200-15; Pepro-Tech) to induce
NKp44 expression used for functional analyses.

Plate-Coated Natural Killer Cell and Innate
Lymphoid Cell Degranulation Assay

Degranulation assays were performed as described previ-
ously.'® In brief, non-treated plates (351172; Falcon) were
coated with HLA-DP401 or HLA-DP301 molecules (provided by
OneLambda), or biotinylated anti-NKp44 (#325106; Biolegend).
Isolated NK cells or sorted intestinal ILCs (viable singlets
CD45%7CD37°CD14°CD19°CD1a BDCA-2'CD123°CD34°CD127™)
resuspended in assay medium containing RPMI 1640 medium
(12004997; Thermo Fisher) supplemented with 10% FBS or
Iscove’s modified Dulbecco’s medium supplemented with
10% FBS were distributed on coated plates. The vesicular
transport protein inhibitor brefeldin A (555029; BD Bio-
sciences) and anti-CD107a-BV785 (#328644; Biolegend)
were added, and cells were incubated for 5-8 hours. NK cells
were stained with anti-CD3-BV510 (#344828; Biolegend),
anti-CD56-BV605 (#318334; Biolegend), anti-CD16-FITC
(#302006; Biolegend), anti-NKp44-AF647 (#325112; Bio-
legend), anti-TNF-PE (#502909; Biolegend), and LIVE/DEAD
Fixable Near-IR Dead Cell Stain Kit. ILCs were stained with
anti-CD45-AF700, anti-NKp44-AF647, anti-TNF-BUV395
(#563996; BD Biosciences), anti-IL-22-PE (#15517116;
Fisher Scientific), and LIVE/DEAD Fixable Near-IR Dead Cell
Stain Kit. Fixation was performed using the BD Cytofix/
Cytoperm Kit (554714; BD Biosciences) and cells were
analyzed using a BD LSR Fortessa.

Immunofluorescence Analyses

To de-wax formalin-fixed and paraffin wax-embedded
samples, the samples were washed in Xylol 100%, followed
by incubations in a descending series of ethanol. Antigen
target retrieval was performed using Agilent DAKO Target
Retrieval Solution (pH 9) (S236884-2; Dako) in a Braun
Multiquick FS20 steamer, followed by washing in Agilent
Wash Buffer Solution (K800721-2; Agilent). The staining
included NCAM1/CD56 (mouse, #3576, 1:400; Cell
Signaling), HLA-DPA (rb, #HPA017967, 100 uL, 1:100;
Sigma-Aldrich), AF488 donkey anti-rabbit (#A-21206, 1:200;
Invitrogen), and AF647 donkey anti-mouse (#A-31571,
1:200; Invitrogen) diluted in Agilent Antibody diluent solu-
tion (K800621-2; Agilent).

Primary antibodies were incubated overnight at 4°C, fol-
lowed by corresponding secondary antibodies for 1 hour. 4/,6-
Diamidino-2-phenylindole (D90542; Sigma-Aldrich) was added
within the Agilent Antibody diluent solution to counterstain the
nuclei. After washing, samples were mounted with Prolong
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Gold (P36930; Thermo Fisher). Images were acquired using the
LED-based widefield system THUNDER Imager 3D Live Cell and
3D Cell Culture (Leica Microsystems) in 40x (NA: 1.10) with
Instant Computational Clearing mode.

Single-Cell Gene Expression Analysis

IELs from colon tissues were thawed and stained with anti-
CD45-AF700, anti-CD3-BV510, anti-CD56-BV605, anti-CD16-
FITC, anti-CD127-PE/Dazzle, and LIVE/DEAD Fixable Near-IR
Dead Cell Stain Kit. Two thousand viable CD457CD3°CD127~
and CD56"7/CD16" single- or double-positive NK cells were
sorted from each donor, using a 5-laser FACS Aria-Fusion (BD
Biosciences). Cells were captured in Single Cell Preamp IFCs, 5-
10 pum (Fluidigm) and used to generate cDNA. Further analysis
included capture sites with 1 single cell. cDNA was generated
according to the company protocol and gene expression was
analyzed using Biomark HD 192.24 Dynamic Array IFCs for
Gene Expression.

NKp44 Fc Binding to Intestinal Epithelial Cells

IFN-gamma-stimulated intestinal organoids (200 U/mL for
3-4 days) were dissociated into single cells using TrypLE Ex-
press, treated with 1 U/mL Proteinase K (19131, Qiagen) and
rested in EM + Y-27632 at 37°C and 5% CO,. Cells were
washed with phosphate-buffered saline (D8537; Sigma-Aldrich)
and stained with LIVE/DEAD Fixable Near-IR Dead Cell Stain
Kit, NKp44-Fc (25 pg/mL), secondary antibody F(ab) anti-
human IgG-PE and anti-HLA-DP BUV737. Fixation was per-
formed with 4% paraformaldehyde (P6148; Sigma-Aldrich) and
cells were analyzed using a BD LSR Fortessa.

Coculture of Natural Killer Cells and Intestinal
Epithelial Cells

In NK cell-IEC cocultures, NK cell donors were matched for
HLA class I genotypes to organoid donors to reduce allogenic
reactions. All donors had heterozygous alleles encoding for the
epitopes C1/C2 and had at least 1 allele of Bw4. NK cells were
isolated as described above and cultured for 6-7 days in RPMI
1640 supplemented with 10% FBS, 250 U/mL IL-2, and 10 ng/
mL IL-15. Unstimulated and IFN-gamma-stimulated intestinal
organoids (3 days with 200 U/mL) were dissociated into single
cells with TrypLE, treated with 1 U/mL Proteinase K and
counted to enumerate the number of target cells. Enriched NK
cells were co-incubated with IECs at an effector to target cell
ratio of 1:2 for 5 hours in RPMI 1640 with 10% FBS. In addi-
tion, anti-CD107a-BV785 antibody, brefeldin A and anti-HLA-
DP (10 upg/mL, H266; Leinco) were added. For blocking ex-
periments, NK cells were pre-incubated in the presence of an
anti-NKp44 antibody (30 pg/mL, #325122; Biolegend) or an
isotype control antibody (30 ug/mL, #400166; Biolegend) for
30 minutes at 37°C. Cells were washed with phosphate-
buffered saline, stained with anti-CD3-BV510, anti-CD16-
FITC, anti-CD56-BV605, anti-NKp44-AF647, anti-TNF-PE,
anti-HLA-DP-BUV737, and LIVE/DEAD Fixable Near-IR Dead
Cell Stain Kit; fixed using the BD Cytofix/Cytoperm Kit; and
analyzed using a BD LSR Fortessa. The percentage of NKp44
down-regulation was calculated as: (% NKp44™ cells of CD56™*
NK cells after coculture with DP™ IECs) - (% NKp44* cells of
CD56™ " NK cells after coculture with DP* IECs). The percentage
of CD107a up-regulation was calculated as: (% CD107a" cells of
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CD56™" NK cells after coculture with DP™ IECs) - (% CD107a™
cells of CD561" NK cells after coculture with DP~ IECs).

Coculture of Natural Killer Cells and Intestinal
Organoids

NK cell donors were matched to organoid donors as
described above, and NK cells were isolated and stimulated to
induce NKp44 expression. IFN-gamma-stimulated intestinal
organoids (3-4 days with 200 U/mL) were stained with 2 uM
Calcein (65-0853-78; Thermo Fisher) and organoids derived
from 1 reference well were dissociated into single cells and
counted to enumerate the number of target cells. Sorted viable
CD37, CD167, CD56™" NK cells were co-incubated with intes-
tinal organoids at an estimated effector to target cell ratio of 1:1
for 6 hours in RPMI 1640 with 10% FBS and anti-HLA-DP (10
ug/mL, H266; Leinco). Cocultures were monitored using the
spheroid module of the Incucyte SX5 Live Cell Imaging Analysis
Instrument (Sartorius, Gottingen, Germany). The size of individ-
ual organoids was measured at 0 hours and 6 hours of co-
incubation using Fiji. The normalized organoid size was calcu-
lated as follows: (organoid size at 6 hours) / (organoid size at
0 hours). To determine viability of IECs in intestinal organoid -
NK cell cocultures, these were harvested after 16 hours incuba-
tion and dissociated into single cells. Cells were washed with
phosphate-buffered saline, stained with anti-CD45-BUV395
(#563792; BD Biosciences), anti-EPCAM-BV421 and LIVE/DEAD
Fixable Near-IR Dead Cell Stain Kit, fixed using the BD Cytofix/
Cytoperm Kit and analyzed using a BD LSR Fortessa. To deter-
mine the effect of blocking of NKp44, NK cells were pre-incubated
in the presence of an anti-NKp44 antibody (30 ug/mL, #325122;
Biolegend) or an isotype control antibody (#400166; Biolegend)
for 30 minutes at 37°C before adding to the intestinal organoids.

Software

BD FACS Diva (BD Biosciences) was used to acquire flow
cytometric data and Flow]o (version 10.8.1; Treestar) was used to
analyze flow cytometric data. GraphPad Prism, Version 9.4.0 for
Windows, www.graphpad.com) was used for graphical display
and statistical analysis. Image] (http://imagej.nih.gov/ij/) was
used for organoid annotation and image display. Software used for
the HLA-DP haplotype and association analyses is described above.

Statistical Analysis

GraphPad Prism 9 was used to perform statistical analyses
including Wilcoxon signed match rank tests, Mann-Whitney U
tests, and ordinary 2-way analysis of variance and Spearman’s
rank correlations. HLA-DP haplotype and association analyses
are described above.

Results

HLA-DP Haplotype Analyses Reveal HLA-
DPA1*01:03-DPB1*04:01 as a Risk Haplotype for
Ulcerative Colitis and HLA-DPA1*01:03-
DPB1*03:01 and HLA-DPA1*02:01-DPB1*11:01

as Protective Haplotypes
To investigate whether individuals carrying certain HLA-
DP haplotypes exhibit higher or lower risk of developing UC,


http://www.graphpad.com
http://imagej.nih.gov/ij/
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Figure 1. HLA-DP risk haplotype for UC binds to NKp44. (A) Imputation of HLA-DPA1-DPB1 genotypes using HLA genotype
imputation with attribute bagging (left) and Michigan Imputation Server (right) showing UC risk and protective HLA-DPAT1-
DPB1 haplotypes with a frequency of >1% and a false discovery rate P (P[FDR]) of <.05. Odds ratios (OR) and 95% Cls
are shown. (B) NKp44 Fc construct binding to beads coated with different HLA-DP molecules was determined and medians of
fluorescence intensity (MFls) of all individual experiments (n = 8) are depicted. Boxes indicate medians with 25% and 75%
quartile ranges, and whiskers indicate minimum and maximum MFI of each HLA-DP molecule tested. HLA-DP molecules that
exhibited higher median binding to the NKp44 Fc construct than to the positive control (IgG-coated beads) are marked in red
and less in blue. Statistical significance was measured using Mann-Whitney U comparisons.

we performed an HLA-DP haplotype and association ana-
lyses of 13,927 individuals with UC and 26,764 control in-
dividuals of mainly European ancestry. HLA-DPA1 and
-DPB1 genotypes were imputed from quality-controlled
single nucleotide polymorphisms, and results of the 2
different imputation methods, HLA genotype imputation
with attribute bagging®' and the Michigan Imputation
Server”® were compared and revealed similar outcomes. Out
of a total of 21 imputed HLA-DPA1-DPB1 haplotypes, including
3 HLA-DPA1 alleles and 17 HLA-DPBI alleles, 2 protective HLA-
DPA1-DPB1 haplotypes and 1 risk HLA-DPA1-DPB1 haplotype
with allele frequencies >1% and P < .05 were identified for
UC after correction for multiple testing (Figure 14,
Supplementary Figure 14, and Supplementary Table 4). The
haplotypes =~ HLA-DPA1*02:01-DPB1*11:01 and  HLA-
DPA1*01:03-DPB1*03:01 were associated with a decreased
risk of developing UC. In contrast, HLA-DPA1*01:03-
DPB1*04:01 was identified as a risk haplotype for UC
(Figure 1A4).

Building on our recent findings that subsets of HLA-DP
molecules serve as ligands for the activating NK cell re-
ceptor NKp44,'® the binding of the above-identified UC-

associated HLA-DP haplotypes to NKp44 was assessed us-
ing an NKp44 Fc construct and Luminex technology. Due to
unavailability of HLA-DPA1*02:01-DPB1*11:01 molecules
for this assay, HLA-DPB1*11:01 molecules in combination
with 2 other a-chains, HLA-DPA1*02:02 and -DPA1*01:03
were used. The UC protective HLA-DPB1*11:01 molecule in
combination with both HLA-DP «-chains, and the HLA-
DPA1*01:03-DPB1*03:01 (HLA-DP301) molecule did not
bind the NKp44 Fc construct, whereas the UC risk molecule
HLA-DPA1*01:03-DPB1*04:01 (HLA-DP401) exhibited
significantly stronger binding to the NKp44 Fc construct
across multiple experiments (Figure 1B). In contrast, we
did not detect binding of NKp44 Fc construct to previously
identified HLA-DR or HLA-DQ UC risk and protective
molecules”***%33  (Supplementary =~ Table 5 and
Supplementary Figure 1B). NK cell receptors, LAG-3 and
FcRL6, have also been described to bind to HLA class II
molecules,’®** however, no differential binding to previ-
ously described HLA-DR, -DQ, or -DP haplotypes associated
with UC was observed (Supplementary Figure 24 and B).
These results confirm the specific interactions between
HLA-DP401 and NKp44 molecules,'® and provided rational
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for further analyses into a potential role for NKp44-HLA- frequency: 10.01%) as a protective haplotype for UC belong
DP interactions in UC. Because HLA-DPA1*01:03- to the most common haplotypes in the European popula-
DPB1*04:01 (haplotype frequency: 43.29%) as a risk tion,*” we focused on these 2 HLA-DP haplotypes in further
haplotype and HLA-DPA1*01:03-DPB1*03:01 (haplotype analyses.
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Intestinal Epithelial Cells of Individuals With
Ulcerative Colitis Express High Levels of HLA-DP

To further determine whether HLA-DP is available for
NKp44-HLA-DP interactions in UC, expression of HLA-DP
molecules in colon-derived samples of individuals with UC
was compared with controls. Immunohistochemical ana-
lyses showed HLA-DP* cells in intestinal crypts of in-
dividuals with UC, whereas HLA-DP expression was almost
absent in intestinal crypts of controls (Figure 24;
Supplementary Figure 34). To further quantify the expres-
sion of HLA-DP on primary human IECs, flow cytometric
analyses of colon-derived IECs of individuals with UC and
controls were performed. Expression levels of HLA-DP on
EpCAM'CD45™ IECs of individuals with UC were signifi-
cantly higher compared with controls, whereas HLA-DP
expression levels of CD45"EPCAM~ immune cells were
lower and did not significantly differ between individuals
with UC and controls (Figure 2B, Supplementary Figure 3B,
C, and D). As the expression of HLA class II molecules is
regulated by the transcription factor class II trans-
activator,”® we also investigated the expression levels of
other HLA class II molecules. HLA-DR expression was
significantly higher on IECs of individuals with UC compared
with controls (Supplementary Figure 3E), whereas HLA-DQ
expression levels did not significantly differ between in-
dividuals with UC and controls (Supplementary Figure 3F).
These data demonstrate a significantly higher expression of
HLA-DP molecules on human IECs of individuals with UC.

Tumor Necrosis Factor and Interferon-Gamma
Up-Regulate HLA-DP Expression by Intestinal
Epithelial Cells

The pro-inflammatory cytokines IFN-gamma and TNF
are involved in transcription factor class II transactivator-
dependent up-regulation of HLA-class II molecules.’”**
TNF and IFNG were significantly up-regulated in the intes-
tinal epithelium of individuals with UC compared with
controls (Figure 2C). To further assess the impact of TNF
and [FN-gamma on HLA-DP expression of IECs, we gener-
ated adult stem cell-derived human colon organoids from
intestinal tissues of individuals with UC or controls, as
described previously.”* " Organoids generated from colon
were stimulated with different concentrations of TNF, IFN-
gamma, or a combination of both cytokines from 12 hours
up to 3 days, and expression of HLA-DP molecules was

d
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quantified over time using flow cytometric analyses. IFN-
gamma stimulation induced increased expression of HLA-
DP molecules on EpCAM™ IECs in colon organoids over
time (Supplementary Figure 4A-C). This effect of IFN-
gamma was further enhanced by addition of TNF (Supple-
mentary Figure 4B), whereas stimulation with TNF alone
did not induce HLA-DP protein expression on IECs in colon
organoids (Supplementary Figure 4B and C). Remarkably,
the up-regulation of HLA-DP molecules on dual stimulation
with IFN-gamma and TNF was significantly higher on IECs
in organoids generated from UC-affected colon compared
with controls (Figure 2D). Previously, increased expression
of HLA-DP301 compared with HLA-DP401 molecules has
been described.’” A trend towards increased expression of
HLA-DP by HLA-DP301" IECs compared with HLA-DP401"
IECs was observed (Supplementary Figure 4D), in line with
previous studies.>* Together, these results demonstrate that
IFN-gamma alone and in synergy with TNF induces HLA-DP
expression by IECs, including the UC risk HLA-DP401
molecule. Furthermore, IECs from UC tissues maintained
an enhanced pro-inflammatory response to IFN-gamma and
TNF over time in organoids.

HLA-DP401 Engagement Activates NKp44™
Natural Killer Cells

Binding of activating NK cell receptors to their respec-
tive ligands leads to activation, degranulation, cytokine
production, and receptor internalization.”® We next inves-
tigated whether haplotype-specific HLA-DP recognition
activated NK cells from individuals with UC and controls.
NKp44 expression by peripheral blood-derived NK cells
was induced on culture with IL-2 and IL-15.*" Culture with
HLA-DP401 molecules triggered NK cell degranulation
(CD107a) and TNF production to similar levels as the pos-
itive control (anti-NKp44) and significantly higher
compared with HLA-DP301 molecules for NK cells from
both healthy controls and individuals with UC (Figure 34,
Supplementary Figure 54 and B). In line with NKp44-
mediated activation, NKp44 expression on NK cells was
significantly decreased after engagement with HLA-DP401,
but not with HLA-DP301 molecules, in healthy individuals
and individuals with UC (Figure 3A4). These data demon-
strate that binding of NKp44 to HLA-DP401, but not HLA-
DP301 molecules, activates NK cells from individuals with
UC and controls in a haplotype-dependent manner, and

<

Figure 2. High HLA-DP expression on IECs of individuals with UC. (A) Images of immunohistochemical analyses of control and
UC colons. Specific HLA-DP expression is labeled in red, hemalumn was used as a nuclear counterstain (blue). Lower row
shows magnifications of the selected ROI (white box in images of upper row). White arrows point to HLA-DP-expressing cells.
Scale bars: 250 um. (B) Representative histograms of HLA-DP expression in EpCAM™ IECs of control (ctrl) and individuals with
UC measured by flow cytometry (left panel). Expression of HLA-DP (MFI) on EpCAM™ IECs (middle panel). Median percentages
of HLA-DP™ cells of EpCAM™ IECs of controls (n = 7) and individuals with UC (n = 6) (right panel). (C) Relative messenger RNA
expression of TNF and IFNG to reference gene GAPDH in the intestinal epithelium of individuals with UC (n = 4) compared with
controls (n = 5). (D) Representative histograms of HLA-DP expression in EpCAM™ epithelial cells in organoids derived from
controls or individuals with UC on stimulation with IFN-gamma (100 U/mL) and TNF (20 ng/mL) for the indicated time points
measured by flow cytometry (left panel). Plot shows MFI of HLA-DP on IECs in intestinal organoids of controls (n = 8) and
individuals with UC (n = 3) on IFN-gamma and TNF stimulation (right panel). All boxes indicate medians with 25% and 75%
quartile ranges and whiskers indicate minimum and maximum values. Statistical significance was measured using Mann-
Whitney U comparisons.
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results in the down-regulation of NKp44 receptor expres-
sion on NK cells.

To determine whether NKp44 expression by NK cells as
a reflection of activation was also altered in the intestines of
individuals with UC, we compared the frequencies and total
numbers per cm? of tissue of NKp44" CD56" CD127~ NK
cells in UC affected intestinal epithelium and controls using
flow cytometry. Although frequencies and total numbers of
CD56" NK cells did not differ significantly between in-
dividuals with UC and controls (data not shown), fre-
quencies of NKp44™ cells within CD56" NK cell population
and total numbers of NKp44™ CD56" CD127 NK cells were
significantly lower in intestinal samples from individuals
with UC compared with controls (Figure 3B and
Supplementary Figure 5C). Due to the relatively small
sample size for these in-depth functional studies of intesti-
nal samples, the analyses could not be stratified by HLA-DP
haplotype. We did, however, observe a negative trend be-
tween NKp44 " NK cells and HLA-DP" IECs (Spearman p =
-.38; P = .2) assessed on the same sample, suggesting that
increased frequencies of HLA-DP' IECs correlate with a
decrease in frequencies of intestinal NKp44" NK cells
(Supplementary Figure 5D).

In addition to NK cells, epithelial ILCs can express
NKp44 and have been shown to contribute to intestinal
tissue inflammation.'®'”** To assess whether ILCs also can
be activated by HLA-DP molecules in a haplotype-specific
manner, sorted intestinal ILCs were incubated with HLA-
DP401 or HLA-DP301 molecules. ILCs incubated with
HLA-DP401 molecules exhibited a significantly higher TNF
production compared with stimulation with HLA-DP301
molecules (Supplementary Figure 5E), whereas IL-22 pro-
duction was absent on co-incubation with both HLA-DP
molecules (data not shown). These observations suggest
that the NKp44-HLA-DP receptor-ligand interaction can be
used by different immune cell types; however, considering
the 12-fold higher numbers of epithelial NKp44™ NK cells
compared with NKp44™" ILCs (Supplementary Figure 5F),
NK cells are likely the principal mediators of inflammation
in response to HLA-DP expressing IECs.

We next quantified messenger RNA expression of NKp44
(NCR2) in single NK cells isolated from the epithelium of UC-
affected intestines and controls, as messenger RNA levels
should not be affected by engagement with the ligand
HLA-DP. NCR2 was higher expressed in epithelial NK cells
from UC-affected epithelium compared with controls
(Supplementary Figure 6A4). Furthermore, significantly

d
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increased expression of IFNG, LAMP1 (encoding CD107a)
and PRF1 (encoding perforin) was detected in UC-derived
epithelial NK  cells compared with  controls
(Supplementary Figure 64). The percentage of TNF™ NK
cells did not differ significantly between UC- and control-
derived samples (Supplementary Figure 6B), this is in line
with previous studies reporting that increased TNF protein
levels depend substantially on post-transcriptional regula-
tion.”®**** Taken together, UC-derived epithelial NK cells
have an increased pro-inflammatory profile, together with
increased expression of messenger RNA of NKp44. To
further visualize the anatomic location of NK cells in the
intestinal epithelium, a co-staining using immunofluores-
cence analysis of CD56 and HLA-DP was established. In line
with immunohistochemical and flow cytometric analyses,
HLA-DP expression was increased in UC-affected intestines
and NK cells were detected neighboring HLA-DP™ IECs
(Figure 3C, Supplementary Figure 6C and D). Taken
together, these data demonstrate the NKp44-expressing NK
cells from individuals with UC can be activated and produce
pro-inflammatory cytokines upon recognition of HLA-
DP401, the HLA-DP haplotype associated with UC risk, but
not by HLA-DP301, which is associated with a reduced risk
of UC.

Binding to HLA-DP-Expressing Intestinal
Epithelial Cells Results in Increased Activation of
Primary NKp44™" Natural Killer Cells

To determine whether HLA-DP molecules expressed on
IECs can bind to NKp44 and modulate NK cell functioning in
a haplotype-dependent manner, we compared binding of
NKp44 Fc constructs to IECs in IFN-gamma-stimulated in-
testinal organoids from HLA-DP401P° individuals to orga-
noids from HLA-DP301P% individuals. HLA-DP401-
expressing IECs displayed significantly higher binding to
NKp44 Fc constructs compared with HLA-DP301-express-
ing IECs (Figure 4A and Supplementary Figure 7A). In
contrast, IFN-gamma-treated HLA-DP negative or low-
expressing IECs showed no detectable binding to NKp44
Fc constructs, independent of the HLA-DP allotype
(Figure 44). In order to investigate whether the differential
binding efficiencies of HLA-DP401 and -DP301 to NKp44
resulted in functional consequences for NK cell activation,
we quantified CD107a expression of NK cells after coculture
with IECs from unstimulated and IFN-gamma-stimulated
intestinal organoids from homozygous HLA-DP401°* or

<

Figure 3. Increased activation and TNF production by NK cells of individuals with UC after engagement with HLA-DP401. (A)
Representative flow plots for CD107a and TNF, representative histograms of NKp44 expression and summarized plots of
peripheral blood-derived NK cells from controls and individuals with UC after incubation with phosphate-buffered saline, HLA-
DP301, and HLA-DP401 measured by flow cytometry. Each dot represents an individual donor and lines connect CD107a,
TNF, or NKp44 expression of 1 donor (ctrl: n = 9 replicates of 5 donors; UC: n = 8 replicates of 4 donors). (B) Representative
histograms of NKp44 expression on intestinal CD56" NK cells in colon of non-inflammatory controls (ctrl) and individuals with
UC (left panel) measured by flow cytometry. Median percentages of NKp44™ cells of CD56" NK cells in non-inflammatory
controls (n = 7) and individuals with UC (n = 6) (middle panel). Median counts of NKp44™ CD56" NK cells per cm? in control
(n = 7) and UC-affected tissues (n = 6) (right panel). (C) Representative single and merged fluorescence images of HLA-DP,
CD56, and 4/,6-diamidino-2-phenylindole (DAPI) of control and UC-affected colon tissues. Scale bars: 20 um. All boxes
indicate medians with 25% and 75% quartile ranges and whiskers indicate minimum and maximum values. Statistical sig-
nificance was measured using Wilcoxon signed-rank tests (A) or Mann-Whitney U comparisons (B).
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-DP3017% individuals (Figure 4B). NK cell donors were HLA-DP401P°° and HLA-DP301°°° donors, and the same NK
matched to organoid donors with regard to their HLA class I  cell donors were used in coculture experiments with IECs
genotype (HLA-B/HLA-C), which was comparable between from HLA-DP401- and HLA-DP301-expressing intestinal
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organoids. As described previously,"’ NKp44 expression
was highest on CD56™" " NK cells, allowing interactions with
HLA-DP. Therefore, NK cell activation was determined on
CD56™" NK cells. To adjust for differential expression of
NKp44 between different NK cell donors (NKp44™ cells of
CD56™" NK cells ranged from 60% to 90% [data not
shown]), degranulation of CD56*" NK cells in response to
culture with HLA-DP301-expressing IECs was set to 1 for
each NK cell donor and compared with NK cell degranula-
tion after coculture with HLA-DP401-expressing IECs.
Degranulation did not differ significantly after coculture
with unstimulated organoids from either HLA-DP haplo-
types, but was significantly higher in CD56™ " NK cells after
coculture with IFN-gamma-stimulated, HLA-DP401-
expressing IECs compared with coculture with IFN-gamma-
stimulated, HLA-DP301-expressing IECs (Figure 4B and C
and Supplementary Figure 7B). In line, a trend towards
higher TNF production by CD56"" NK cells after coculture
with IFN-gamma-treated, HLA-DP401-expressing IECs was
observed compared with cultures with HLA-DP301-
expressing IECs (Figure 4D, Supplementary Figure 7C). As
expected, NK cell degranulation was associated with NKp44
down-regulation on CD56*" NK cells cocultured with HLA-
DP401 expressing IECs (Figure 4E, Spearman p: 0.81, P =
.02). NK cell degranulation and TNF production in NK cell-
IEC (HLA-DP401™") cocultures was significantly reduced by
an anti-NKp44 blocking antibody, further validating the
critical interaction of NKp44 with HLA-DP (Figure 4F and G).

To assess whether the enhanced NK cell activation in
response to HLA-DP401-expressing IECs resulted in
epithelial damage, we performed cocultures of NK cells with
intestinal 3D organoids. After 6 hours, the size of HLA-
DP401-expressing intestinal 3D-organoids cocultured with
CD56"" NK cells was reduced significantly, indicating
destruction of the 3D organoids by the NKp44' NK cells
(Figure 5A4), whereas the size of HLA-DP301-expressing
organoids in coculture with CD56*" NK cells remained
similar to cultures without NK cells (Figure 54). In line with

NKp44* NK Cells Mediate Epithelial Damage in UC 957

in HLA-DP401-expressing organoids cultured with NK cells
were significantly higher compared with HLA-DP301-
expressing organoids (Figure 5B, Supplementary Figure 84).
Blocking of the NKp44-HLA-DP interaction using an anti-
NKp44 blocking antibody rescued viability of HLA-DP401-
expressing IECs in organoids cultured with NK cells
(Figure 5C). These findings demonstrate that NKp44" NK
cells are activated by IECs expressing UC risk HLA-DP401
molecules, resulting in intestinal epithelial tissue damage
that can be blocked by anti-NKp44.

Discussion

A combination of microbiota, environmental compo-
nents, host genetic factors, and mucosal immune dysregu-
lation are involved in the pathogenesis of UC.” In particular,
significant genetic associations with UC have been identified
in the HLA class II region.”*® Here, we identify HLA-
DPA1*01:03-DPB1*04:01 (HLA-DP401) as a risk haplotype
for UC and demonstrate that HLA-DP401 molecules
expressed by IECs trigger activation of primary human NK
cells via NKp44 resulting in IEC cell death.

Previous studies have identified HLA-DP alleles as risk
factors for UC.”** We extended our study to investigate the
associations of UC with the HLA-DP haplotype, which in-
cludes the combination of the o (HLA-DPA1) and 8 (HLA-
DPB1) chain. These new findings are in line with previous
studies reporting a decreased risk of HLA-DPB1*03:01 and
*11:01 alleles and *04:01 with increased risk for UC.° Goy-
ette et al’ also identified the HLA-DPB*06:01 allele to be
associated with a decreased risk for UC, which, in our
analysis, only showed a trend (P = .09, odds ratio, 0.9),
potentially due to differential imputation accuracy score
used. Of note, the UC risk allele HLA-DPB1*04:01 is in weak
linkage disequilibrium with the previously reported UC risk
HLA class II alleles HLA-DRB1*15:01, HLA-DQA1*01:02, and
HLA-DQB1*06:01/2, whereas the UC protective alleles HLA-
DP*11:01 and HLA-DP*03:01 are in weak linkage disequi-

these morphometric analyses, the percentages of dead IECs librium with other reported UC protective alleles
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Figure 4. Expression of HLA-DP401 on IECs is recognized by NK cells and results in NK cell activation. (A) Representative flow
cytometric plots of NKp44 Fc construct binding to HLA-DP301- or HLA-DP401-expressing IECs in organoids after IFN-
gamma stimulation (200 U/mL for 3 days) (left panel). Median percentages of NKp44 Fc construct binding to HLA-DP™1o%
or HLA-DP"'S" [ECs (n = 9 replicates of 2 donors in 3 independent experiments for each haplotype) (right panel). (B) Repre-
sentative flow cytometric plots showing CD107a expression of CD56"" NK cells after coculture with HLA-DP301- or HLA-
DP401-expressing IECs. IECs were either unstimulated (-) or stimulated (IFN-gamma) (200 U/mL for 3 days). (C) Plots show
fold change degranulation of CD56*" NK cells after coculture with unstimulated (-) (left panel) or stimulated (IFN-gamma) (right
panel) IECs (degranulation on culture with HLA-DP301-expressing IECs was set to 1 for each NK cell donor). Each dot
represents an individual donor (n = 8 NK cell donors) and lines connect CD107a expression of 1 NK cell donor. (D) Plots show
fold-change of TNF expression of CD56™+ NK cells after coculture with unstimulated (-) (left panel) or stimulated (IFN-gamma)
(right panel) IECs (TNF expression on culture with HLA-DP301-expressing IECs was set to 1 for each NK cell donor). Each dot
represents an individual donor (n = 8 NK cell donors) and lines connect TNF expression of 1 NK cell donor. (E) Plot showing
correlation between percentage of NKp44 down-regulation against percentage of CD107 up-regulation on NK cells cocultured
with HLA-DP401-expressing IECs (n = 8 NK cell donors). Line indicates linear regression. (F, G) Plots show fold-change
degranulation (F) and TNF expression (G) of CD56"" NK cells after coculture with IFN-gamma-stimulated HLA-DP401™"
IECs in presence of an isotype or anti-NKp44 blocking antibody (degranulation and TNF expression of CD56™* NK cells upon
coculture with HLA-DP401-expressing IECs in presence of an isotype antibody was set to 1 for each NK cell donor). Each dot
represents an individual donor (n = 6 NK cell donors) and lines connect CD107a or TNF expression of 1 NK cell donor. All
boxes indicate medians with 25% and 75% quartile ranges, and whiskers indicate minimum and maximum values. Statistical
significance was measured using Mann-Whitney U comparisons (A) or Wilcoxon signed rank tests (C, D, F, and G).
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Figure 5. Expression of HLA-DP401 on IECs results in the induction of cytotoxicity by NK cells and reduces IECs viability. (A)
Representative images of cocultures of CD561 " NK cells with IFN-gamma-stimulated, calcein-labeled (green) HLA-DP301- or
HLA-DP401-expressing intestinal organoids at 0 hours and 6 hours (left panel). Plot shows normalized organoid size of HLA-
DP301- and HLA-DP401-expressing intestinal organoids in presence or absence of CD56"" NK cells (h = 36-68 organoids
per condition from experiments with 3 different NK cell donors). Scale bars: 400 um. (B) Representative flow cytometric plots
showing LIVE/DEAD Fixable Near-IR Dead Cell Stain of HLA-DP301" or HLA-DP401" EpCam™ IECs after incubation without
NK cells or after coculture with CD56"+ NK cells. Plot shows fold-change (normalized to dead |IECs; LIVE/DEAD Fixable Near-
IR Dead Cell Stain without NK cells) in dead HLA-DP301" or HLA-DP401™ IECs after coculture with CD56"" NK cells (n = 6
replicates from 2 NK cell donors). (C) Plot shows fold-change in dead HLA-DP401" IECs (LIVE/DEAD Fixable Near-IR Dead
Cell Stain) after coculture with CD56"" NK cells in presence of an isotype or anti-NKp44 blocking antibody (percentage of
dead IECs on culture with CD56"+ NK cells in presence of an isotype antibody was set to 1 for each NK cell donor). Each dot
represents an individual donor (n = 10 replicates from 5 NK cell donors) and lines connect 1 NK cell donor. All boxes indicate
medians with 25% and 75% quartile ranges and whiskers indicate minimum and maximum values. Statistical significance was
measured using ordinary 2-way analysis of variance (A), Mann-Whitney U comparisons (B), or Wilcoxon signed rank tests (C).

(HLA-DRB1*13:02, HLA-DRB1*07:01, HLA-DQA1*02:01, HLA- were not detected. The findings presented here highlight the
DQB1*02:01, and HLA-DQB1*06:04).°*****” We furthermore need to determine the functional consequences of risk-
assessed whether binding of other NK cell receptors, such as  associated haplotypes in the interactions between human
LAG-3, to HLA class I molecules®* display distinct patterns immune and human tissue cells to disentangle the individ-
associated with UC risk or protective alleles, however, these ual contributions of risk alleles and haplotypes in disease
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pathogenesis. This is particularly critical for receptors and
their ligands, such as NKp44 and HLA-DP, which are
restricted to humans and cannot be studied in mice.

Although it is well-known that HLA class II molecules
are expressed on antigen-presenting cells and B cells,
epithelial cells can induce HLA class II molecule expression
upon stimulation with inflammatory signals, through the
activation of the transcription factor class II trans-
activator.”®*? In line with previous studies investigating
HLA class II molecule expression in UC-affected in-
testines,””" we observed significant up-regulation of HLA-
DP molecules in the intestinal epithelium of individuals
with UC. Stimulation of intestinal organoids with the pro-
inflammatory cytokines IFN-gamma and TNF, which also
displayed increased expression in UC affected intestinal
epithelium, induced HLA-DP up-regulation on IECs, reca-
pitulating the in vivo situation. Organoids generated from
HLA-DP401°°° compared with HLA-DP301°° individuals
provided the opportunity to demonstrate that I[FN-gamma-
induced HLA-DP molecules on IECs are recognized by
NKp44 in a haplotype-dependent manner, with UC risk HLA-
DP401 molecules being recognized by NKp44, while UC-
protective HLA-DP301 molecules were not. Interestingly, we
also observed higher HLA-DP expression on IFN-gamma and
TNF stimulation in intestinal organoids derived from in-
dividuals with UC than from controls, indicating that inflam-
matory response signatures may be maintained in vitro in
intestinal organoids. Thus, organoids recapitulate disease
states and can be used to investigate the role of specific ge-
notypes in interactions with immune cells in human diseases,
especially in the context of genes restricted to humans.”

The role of NK cells in UC has been less investigated
compared with other immune cells. This may be due to the
molecular differences between human NK cells and those of
animal models, especially critical receptors for NK cell
functioning, such as killer immunoglobulin-like receptors
but also NKp44. Nevertheless, previous studies analyzing
human samples have indicated a potential role for NK cells
in UC.">"'> Here, we show that human NKp44™ NK cells
were significantly stronger activated by IECs expressing the
UC risk molecule HLA-DP401 than by IECs expressing the
UC protective molecule HLA-DP301; an observation that is
consistent with the better binding of NKp44 to HLA-DP401
compared with HLA-DP301."® NK cells have exceptional
cytotoxic activity, and these new findings indicate that
NKp44* NK cells can induce epithelial tissue damage in UC
in an HLA-DP haplotype-dependent manner, following the
risk profile of our large genetic study. Blocking of NKp44
inhibited NK cell activation and rescued IEC viability in
HLA-DP401-expressing organoids confirming the critical
role of NKp44 in HLA-DP401-mediated NK cell activation.
NKp44 can also be expressed by ILCs, and in line with
previous studies NKp44-mediated activation of ILCs influ-
enced production of TNF, but not IL-22, potentially
contributing to inflammation and tissue damage in UC.'®
Overall, the methodological approach applied here, using
organoid systems encoding for specific HLA alleles, offers a
novel in vitro approach to determine interactions of im-
mune cells in immune-mediated diseases in general.

NKp44* NK Cells Mediate Epithelial Damage in UC 959

In conclusion, our data identify a molecular and func-
tional immune correlate for the genetic associations of HLA-
DPA1*01:03-DPB1*04:01 and HLA-DPA1*01:03-DPB1*03:01
in UC by demonstrating HLA-DP haplotype-dependent acti-
vation of NKp44% NK cells and epithelial tissue damage.
Blockade of NKp44/HLA-DP interactions might therefore
provide a promising future therapeutic approach to
decrease epithelial damage in patients with UC who carry
the UC risk HLA-DP haplotype, and could complement cur-
rent treatment strategies.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://doi.org/10.1053/
j-gastro.2023.06.034.
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Supplementary Methods

Imputation and Phasing With the Michigan
Imputation Server

Imputation was performed on the Michigan Imputation
Server with a multi-ethnic reference panel (version 1.0, 2021;
full context HLA panel) published by Luo et al®' which
included 18,293 individuals and 54,474 sites, including
amino acid, single nucleotide polymorphism, and HLA allele
information. Results were received as a single variant call
format file with genotype, genotype dosage, and genotype
probability, as well as genotype phase information given for
each individual and HLA allele. Using the given phase infor-
mation, alleles were combined into HLA-DPA1-DPB1 haplo-
types at 2-field level based on variant call format file
genotype hardcalls using PLINK, version 1.9? and R version,
3.6.2. Individuals with missing allele information after
imposing the above frequency and imputation quality cutoffs,
were set to missing for both parental haplotypes. This left
13,717 UC cases and 26,417 controls for analysis. In total 3
two-field HLA-DPA1 and 19 two-field HLA-DPB1 alleles were
imputed into the data with an allele frequency >0.5%. All had
an imputation score (R*) > 0.6.

Imputation and Phasing With HLA Genotype
Imputation With Attribute Bagging

Imputation and phasing were performed as described in
detail previously.***" In brief, HLA alleles were imputed for
HLA-DPA1 and HLA-DPB1 using HLA genotype imputation
with attribute bagging (HIBAG) and multi-ethnic reference
panel, containing 1300 individuals at 2-digit full HLA context.
Phasing was performed by comparison of single nucleotide
polymorphism haplotypes from 10 random out of 100 HIBAG
classifiers stored in the HIBAG reference model and single
nucleotide  polymorphism haplotypes phased using
SHAPEIT2. Phasing certainty was determined as the number
of congruent phasing results across 10 of the 100 random
classifiers. Individuals with HLA genotype imputation quality
scores >0.8 for HLA-DPA1 or HLA-DPB1 and a per locus
phasing certainty >0.6 were included in the analysis. This
left, in total, 13,134 UC cases and 25,248 controls. In total, 4
two-field HLA-DPA1 and 15 two-field HLA-DPB1 alleles were
imputed into the data with allele frequency >0.5%. Of these,
all had an imputation (marginal probability as calculated in
Degenhardt et al**) score > 0.6.

NKp44* NK Cells Mediate Epithelial Damage in UC 962.e1

Results of HLA-Haplotype Analysis

The overall correlation between allele frequencies
imputed into the data across the imputation with HIBAG
and the Michigan Imputation Server was high, with a
Pearson correlation coefficient of 0.997. Alleles with
strikingly  deviating  allele  frequencies included
DPB1*06:01, which had an allele frequency of 1.7% in the
data imputed with the Michigan Imputation Server and of
<0.5% in the data imputed with HIBAG. This allele had
previously been associated with UC.’ Here we could not
replicate this association (P = .09; odds ratio, 0.904; 95%
confidence level, .804-1.017), although the genotype data used
were nearly identical. In comparison with the imputation score
of 0.5 for this allele described previously,” we achieved a
higher imputation accuracy score of 0.85 with the multi-ethnic
panel,”" which may explain this discrepancy. In addition, we
observed deviating frequencies for HLA-DPA1*01:03 and HLA-
DPA1*02:01 and haplotypes thereof. We observed during
phasing with HIBAG that particularly DPA1*01:03 and
DPA1*02:01 were challenging to phase, both alleles being at
instances assigned the same phase if they occurred in the same
individual. Although DPA1*01:03 had frequencies of 87.1%
(imputation score = 1.00) and 82.5% (R* = 0.96) in the data
imputed with HIBAG and the Michigan Imputation Server,
respectively, DPA1*02:01 had frequencies of a 10.5% (impu-
tation score = 0.94) and 13.9% (R* = 0.99). Because both
imputation accuracies are high with HIBAG and the Michigan
Imputation Server, association analyses on HLA typed
DPA1*01:03/DPA1*02:01 should be analyzed in more detail in
future studies. This is also true for re-analysis of the associa-
tion of HLA-DPB1*06:01 with UC.
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Supplementary Figure 1. Associations of HLA-DPA1 and HLA-DPB1 alleles and HLA-DPA1-DPB1 haplotypes with UC. (A)
Imputation of HLA-DPA1-DPB1 haplotypes using HIBAG and Michigan Imputation Server showing UC risk and protective
HLA-DPA1/DPB1 alleles and HLA-DPA1-DPB1 haplotypes with their frequencies and false discovery rate P values (P[FDR]).
Odds ratios (OR) and 95% Cls are indicated. (B) NKp44 Fc construct binding to beads coated with different HLA-DR (left panel)
or HLA-DQ molecules (right panel) was determined and medians of fluorescence intensity (MFls) are depicted (n = 6). UC
associated risk haplotypes are in red, protective haplotypes are in blue, haplotype combinations of a risk and a protective allele
are in light gray. Boxes indicate mean with minimum and maximum MFI of each HLA-DR/DQ molecule tested.




Gastroenterology Vol. 165, Iss. 4

962.e4 Baumdick et al

FcRL6

o

LAG-3

<

10000

8000

6000—

4000—
2000

(14W) Buipuiq Jonsu02 o4

20000

15000

10000 l

5000—

(14W) Buipuig yonJsuod o4

FcRL6

LAG-3

O —
. —
N
[ =
I
=
— =
I —
T/ -
N
I
=
o
I —
[
H —
i
I —
N -
I]
—T——1 =
[ 1=
_ T T T _
o o o o o o
o o o o o
o o o o o
m 0 o < N
(141W) Buipuiq yonisu02 o4
I | —
T —
. —
I —
o -
I —
 — — —
—] —
|| —
[ ] —
=] —
T —
E —
—
|| —
T —
 — | —
) —
] —
I — —
. —
| ] =
_ _ T I
o o o o o
o o o (=)
o o o o
Q B =] 0

(14W) Buipuiq Jonusu00 04

3 X
&

N
SSRGS
QQ.;\ Q}’\

Q
S

AN

FcRL6

LAG-3

o o o o o o
o o o o o
o [=] o o o
o 0 o < o~
(14W) Buipuig yonssuod o
_ _ _ I
o (=) o o o
o o o o
o o o o
o n o n
I - -

(14N) Buipuig yonisuod o4

'z
Z.
"
%
(4
\QA
Ve
£
7
(7
(4
\D.&
Q ‘s
%
(od
)\Q.mo
Q 2
(7
(od
%,
A\OO
o
4
2,
&ooq
)
A
Z,
Q-
L
£
"z
7
(o4
)\0 i
2
£
2
%
(od
Z
Q NQ
U
(7
(od
Z; Q.w.
e
%O\O
2,
\«\00
S
4
%,
cooo,
O,
v

Supplementary Figure 2. HLA-DR, -DQ and -DP binding to LAG-3 and FcRL6. (A, B) LAG-3 Fc construct (A) and FcRL6 Fc
construct (B) binding to beads coated with different HLA-DR (upper panel), HLA-DQ (middle panel), or HLA-DP molecules

(lower panel) were determined and medians of fluorescence intensity (MFls) are depicted (n

3). UC-associated risk haplo-

types are in red, protective haplotypes are in blue, haplotype combinations of a risk and a protective allele are in light gray.

Boxes indicate mean with minimum and maximum MPFI of each HLA-DR/DQ molecule tested.
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Supplementary Figure 3. HLA class Il up-regulation in IECs of individuals with UC. (A) Control images of immunohisto-
chemical analyses of UC colon samples. Specific HLA-DP expression is labeled in red, hemalumn was used as a nuclear
counterstain (blue). Isotype antibody staining was used as a negative control. (B) Gating strategy to identify IECs (viable
CD45 EpCam™) and lymphocytes (CD45"EpCam™) derived from intestinal tissue samples. (C, D) Median percentages and
interquartile ranges of HLA-DP* CD45™" cells (C) or HLA-DP* EpCAM™ IECs (D) of all viable cells from controls (n = 7) and
patients with UC (n = 6) (right panel). (E) Expression of HLA-DR on EpCam™ |IECs depicted as MFI (left panel). Median per-
centages of HLA-DR™ cells of EpCam™ |IECs of controls (n = 7) and patients with UC (n = 6) (right panel). (F) Expression of
HLA-DQ on EpCam™ IECs depicted as MFI (left panel). Median percentages of HLA-DQ™ cells of EpCam™ IECs of controls (n =
7) and patients with UC (n = 6) (right panel). In panels E and F, boxes indicate medians with 25% and 75% quartile ranges and
whiskers indicate minimum and maximum values. Statistical significance was measured using Mann-Whitney U comparisons.
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Supplementary Figure 4. IFN-gamma- and TNF-mediated up-regulation of HLA class Il in intestinal organoids. (A) Gating
strategy to identify (viable EpCam™) IECs derived from intestinal organoids. (B) Heatmaps showing the MFI of HLA-DP on
EpCam™ IECs derived from intestinal organoids on stimulation with increasing concentrations of IFN-gamma (U/mL) or TNF
(ng/mL) for the indicated time points (n = 5 donors). (C) Plots showing MFI of HLA-DP of IECs of control (n = 8) and UC-derived
(n = 3) intestinal organoids on IFN-gamma (100 U/mL, left panel) or TNF stimulation (20 ng/mL, right panel) for the indicated
time points. (D) Plots showing HLA-DP expression of HLA-DP401* (n = 3) and HLA-DP301" (n = 2) IECs derived from in-
testinal organoids on IFN-gamma (20 U/mL and 200 U/mL) or stimulation with IFN-gamma and TNF (IFN-gamma: 20 U/mL,
TNF: 20 ng/mL or IFN-gamma: 200 U/mL, TNF: 200 ng/mL) for the indicated time points depicted as MFI. In panel C, boxes
indicate medians with 25% and 75% quartile ranges and whiskers indicate minimum and maximum values. Statistical sig-
nificance was measured using Mann-Whitney U comparisons.
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Supplementary Figure 5. Functional responses of NKp44* NK cells and ILCs after ligand engagement. (A) Gating strategy to
identify peripheral blood-derived CD56"* NK cells. (B) Percentage of CD107a", TNF", or NKp44* NK cells are shown for
control (phosphate-buffered saline) and paired stimulated (anti-NKp44) CD56™ " NK cells (ctrl: n = 9 replicates of 5 donors; UC:
n = 8 replicates of 4 donors). (C) Gating strategy for intestinal NK cells. NK cells are defined as viable CD45", lineage™
(Lin:CD14~, CD19~, BDCA2~, CD1a", CD123", CD34"), CD3~, CD127-, and CD56™ cells. (D) Plot showing correlation between
percentages of HLA-DP* IECs and NKp44* NK cells of the same donor (ctrl and UC; n = 13). Line indicates linear regression.
(E) Representative flow cytometric plots showing TNF expression of intestinal ILCs after stimulation with HLA-DP301 or HLA-
DP401 molecules (left panel). Plot shows percentages of TNF' ILCs (right panel) (n = 7 donors). (F) Median counts and
interquartile ranges of epithelial NKp44™ NK cells and NKp44 " ILCs per cm? (n = 7). Statistical significance was measured
using Wilcoxon signed rank (B, E, F).
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Supplementary Figure 6. Gene expression of NK cells in intestinal epithelium of individuals with UC and controls. (A) Plots
showing mean + SEM of relative messenger RNA expression of NCR2 (encoding NKp44), IFNG, LAMP1 (encoding CD107a),
and PRF1 (encoding perforin) to reference gene GAPDH of single NK cells of controls (n = 80 cells of 3 donors) or individuals
with UC (n = 86 cells of 3 donors). (B) Plot showing mean + SEM of percentages of TNF™ NK cells per donor of controls (n = 3)
and individuals with UC (n = 3). (C) Representative single and merged fluorescence images of HLA-DP, CD56, and 4',6-
diamidino-2-phenylindole (DAPI) of control and UC-affected colons. (D) Fluorescence images of secondary antibody only
staining and DAPI. Scale bars: 20 um.
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Supplementary Figure 7. TNF production by CD56%" NK cells on coculture with HLA-DP401™" IECs. (A) Gating strategy to
identify IECs derived from intestinal organoids for assessment of NKp44 Fc construct binding. IECs are defined as viable cells
and were separated into HLA-DP low (lower gate) and high (upper gate) expressing IECs. (B) Gating strategy for CD56"" NK
cells after coculture with IECs derived from intestinal organoids. CD56" " NK cells are defined as single, viable, CD3~, CD16",
CD56"* cells. (C) Representative flow cytometric plots showing TNF expression of CD56"* NK cells after coculture with HLA-
DP301- or HLA-DP401-expressing IECs. IECs were either unstimulated (-) or stimulated (IFN-gamma) (200 U/mL for 3 days).
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Supplementary Figure 8. Gating strategies for IECs. (A) Gating strategy to identify IECs (CD45 EpCam™) derived from in-
testinal organoids and assess percentage of viable IECs.

Supplementary Table 1.Donor Characteristics (n = 39)

Characteristic Data

Sex, n

Male 17

Female 22
Age at surgery, y, median (interquartile range) 57 (41-65)
Primary diagnosis, n

Malignancy 25

uc 12

Other P
Indication for surgery, n

Anastomosis reconstruction 3

Colectomy 35

Other

Supplementary Table 2.Quantitative Polymerase Chain

Reaction Primer Sequences

Gene Direction Primer sequence
GAPDH fwd CGGAGTCAACGGATTTGG
GAPDH rev TGATGACAAGCTTCCCGTTC
IFN-gamma fwd ACTGACTTGAATGTCCAACGCA
IFN-gamma rev ATCTGACTCCTTTTTCGCTTCC
TNF fwd CTCTTCTGCCTGCTGCTGCACTTTG
TNF rev ATGGGCTACAGGCTTGTCACTC
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Supplementary Table 3.Expansion Medium for Intestinal
Organoid Culture

Final
Variable concentration Company Catalog no.
AD-+++ 17.5% (v/v)
B27 supplement 1% Thermo Fisher 17504001
N2 supplement 1x Thermo Fisher 17502001
Murine EGF 50 ng/mL Pepro-Tech 315-09-500

N-acetyl-L-cysteine 1.25 mM Sigma-Aldrich  A9165-25G

[Leu15]-gastrin 10 nM Sigma-Aldrich  G9145-.1MG
Nicotinamide 10 mM Sigma-Aldrich  N0636-100G
SB202190 10 uM Sigma-Aldrich S7067-25MG
A83-01 500 nM Tocris 2939/10
Noggin-CM 10% (v/v) Homemade —
R-spondin-1-CM 20% (v/v) Homemade —_

WNT3a-CM 50% (v/v) Homemade —
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