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Abstract

Background and Aims—Ulcerative colitis (UC) is characterized by severe inflammation and
destruction of the intestinal epithelium, and associated with risk single nucleotide polymorphism
in HLA class Il. Given the recently discovered interactions between subsets of HLA-DP molecules
and the activating natural killer (NK) cell receptor NKp44, genetic associations of UC and
HLA-DP haplotypes and their functional implications were investigated.

Methods—HLA-DP haplotype 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 3D-organoid co-cultures with
human NK cells were employed to determine functional consequences of interactions between
HLA-DP and NKp44.

Results—These studies identified HLA-DPA1*01:03-DPB1*04:01 (HLA-DP401I) 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 to controls. IECs in human intestinal 3D-organoids derived from HLA-DP401P%
individuals showed significantly stronger binding of NKp44 compared to HLA-DP301P% IECs.
HLA-DP401795 |ECs in organoids triggered increased degranulation and TNF production by
NKp44* NK cells in co-cultures, resulting in enhanced epithelial cell death compared to HLA-
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DP301P% organoids. Blocking of HLA-DP401-NKp44 interactions (anti-NKp44) abrogated NK
cell activity in co-cultures.

Conclusion—Here, we identify 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 interaction 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.

Lay summary
We demonstrate that specific subsets of HLA-DP molecules associated with UC and expressed

on intestinal epithelial cells under inflammatory conditions can activate NK cells resulting in
intestinal epithelial damage.

Keywords

Ulcerative colitis; NK cells; NKp44; HLA-DP; intestinal organoids

Introduction

Ulcerative Colitis (UC) is a chronic inflammatory disease of the colon and rectum,

with higher prevalence in high-income countries.> Current therapeutic strategies of
mild-to-moderate UC aim to reduce inflammation with e.g. aminosalicylates or topical
corticosteroids, whereas systemic corticosteroids, biologicals (i.e. anti-tumor necrosis factor
(TNF) or anti-alpha4/beta7) and small molecules (i.e. Janus kinase (JAK) inhibitors)

are employed in patients with moderate-to-severe and steroid refractory UC cases.2™
Nonetheless, even with the newest medications frequent and severe flare-ups are observed
in individuals with UC and long-term remission is achieved in less than 50% of affected
patients, indicating the complex mechanisms underlying UC.5

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.”:8 Although the precise etiology of UC remains unknown, multiple factors have
been suggested to contribute to the pathogenesis of UC, ranging from host to environmental
factors. Specifically, genes encoding human leukocyte antigen (HLA) class I and 11 have
been associated with UC, as well as genes regulating epithelial cell functioning.%10
Furthermore, dysregulated responses of innate immune cells, as well as CD4* T cells, are
observed and implicated in the pathogenesis of UC.11:12 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 regulation of innate immune cell functions in UC.13 In addition, polymorphisms
in killer immunoglobulin-like receptor (KIR) genes, encoding for activating and inhibitory
NK cell receptors that bind to HLA | molecules, have been linked to UC.1415 Furthermore,
innate lymphoid cells (ILCs), which share features of NK cells, have been implicated in
inflammatory bowel disease (IBD).16.17
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Recently, our group demonstrated that the activating NK cell receptor NKp44 binds to
subsets of HLA-DP molecules,!8 allowing direct interactions between NK cells and HLA-
DP-expressing cells. Studies by Biton et al. and other groups showed that IECs can

express HLA class I molecules.1%-23 Taken together, these recent observations led us to
investigate the role of specific HLA-DP/NKp44 interactions in UC. An HLA-DP haplotype
and association analyses of individuals with UC and controls was performed and identified
HLA-DPA17*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 samples revealed
increased HLA-DP expression levels by IECs in individuals with UC. Co-cultures of human
intestinal 3D-organoids and NK cells revealed that expression of the UC risk HLA-DP401
molecule by IECs strongly activated NKp44* NK cells and induced TNF production
resulting in increased epithelial cell death of organoids, while the UC protective HLA-
DP301 molecule did not. These findings reveal a molecular interaction between NKp44+ 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 analysis

Analysis was performed on 13,927 UC cases and 26,764 controls with Caucasian ancestry.
HLA-DPA1, - DPB1 genotypes were imputed from quality-controlled single nucleotide
polymorphism (SNP) genotypes. These data as well as genotype quality control data

have been previously described.24 To compare results from different imputation methods/
imputation reference panels, we performed imputation A) with the Michigan Imputation
Server (MichiganlmpServer)2® and B) using HLA genotype Imputation with Attribute
Bagging (HIBAG). For detailed description of both imputation methods see 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 five principal components derived from whole-genome SNP
data.24 Allele and haplotype frequencies were calculated and only alleles/haplotypes with
frequencies > 0.5% were retained. Alleles missing in either respective dataset were assigned
allele frequency “below 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 ll-coated beads

Screening of HLA class I1-coated beads was performed as previously described.18 In brief,
recombinant human NKp44 Fc construct (R&D Systems, Minneapolis, MN, 2249-NK-050),
recombinant human LAG-3 Fc construct (R&D Systems, 2319 _L3-050) or recombinant
human FCRL6 Fc construct?® were incubated with a mixture of HLA class Il-coated beads
(OneLambda, Canoga Park, CA, LS2A01). Uncoated beads were used as negative control
and 1gG-coated beads as positive control. Samples were washed, incubated with a F(ab’)2
goat-anti-human IgG PE secondary antibody (Thermo Fisher, Waltham, MA, 10129892)
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and binding of NKp44 Fc construct was quantified using Luminex xMAP technology on a
Bio-Plex 200 (Bio-Rad Laboraties, Hercules, CA).

Intestinal tissue samples

Human intestinal tissues were obtained at surgery for intestinal anastomosis reconstruction
or colectomy at the University Medical Center Hamburg-Eppendorf. Collection of tissue
samples was approved by the ethics committee of the Medical Association of the Freie
Hansestadt Hamburg (Arztekammer Hamburg) and donors provided written informed
consent. 17 male and 22 female donors were included with a median age of 57 years
(Supplementary Table 1). This included 11 donors with UC. Control samples were obtained
from individuals that underwent a tissue resection for carcinoma or reconstruction of
anastomosis and did not have an intestinal inflammatory disease.

Immunohistochemistry staining of tissue sections

After formalin fixation and paraffin wax embedding, sections of control and UC intestinal
tissue samples were deparaffinized in xylene and cooked at 121°C in presence of

antigen retrieval solution (Dako Target Retrieval Solution, Agilent Technologies, Santa
Clara, CA, S1699). Sections were incubated with HLA-DP (Sigma-Aldrich, St. Louis,
MO, HPA017967) or isotype control antibody (rabbit poly 1gG, abcam, Cambridge,

UK, ab37415) followed by incubation with the secondary antibody (Goat-anti-rabbit
biotinylated antibody, LS-Bio, Seattle, WA, LS-C350860). Biotinylated antibody binding
sites were detected with the streptavidin-alkaline phosphatase complex (Vectastain ABC-
AP Kit, Vector Laboratories, Newark, CA, AK-5000) followed by visualization using
liquid permanent red (Zytomed Systems, Berlin, Germany, ZUC001-125). Sections were
counterstained with hemalumn (Sigma-Aldrich, 1.09249.2500). Images were acquired using
an EVOS M5000 imaging system (Thermo Fisher, Waltham, MA).

Intestinal epithelial cell and lymphocyte isolation

IECs and intraepithelial lymphocytes (IELs) were isolated from adult intestinal tissue
samples as previously described and validated to isolate the superficial epithelial layer.27:28
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 IMDM (Iscove’s modified Dulbecco’s medium, Thermo
Fisher Scientific, 10135083) supplemented with ethylenediaminetetraacetic acid (EDTA, 5
mM; Promega, Madison, WI, V4231), 1,4-Dithiothreitol (DTT, Carl-Roth GmbH+Co. KG,
6908.1) and 1% fetal bovine serum (FBS; Capricorn, Diisseldorf, Germany, FBS-11A). To
isolate lamina propria lymphocytes (LPLS) intestinal tissue, now devoid of the epithelial
layer, was minced and incubated in IMDM supplemented with 1 mg/ml Collagenase (Sigma-
Aldrich, 11088882001), 1% FBS and 1000 U/ml DNasel (StemCell Technologies, 07470).
The resulting cell solution was filtered with a 70 um cell strainer and the single cell
suspension of LPL was obtained after a 60% standard isotonic Percoll (Sigma-Aldrich)
density gradient centrifugation step.

For flow cytometric analyses, IECs were stained with anti-EpCAM-BV421 (Biolegend, San
Diego, CA, #324220), anti-CD45-BV785 (Biolegend, #304048), anti-HLA-DP-BUV737
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(BD Biosciences, San Jose, CA, #750942), anti-HLA-DQ-APC (Leinco Technologies,
St.Louis, MO, H242-100), anti-HLA-DR-BV711 (Biolegend, #307644) and LIVE/DEAD™
Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher, L34976). Cells were fixed using

BD Cellfix (BD Biosciences, 340181) and analyzed using a BD LSR Fortessa (BD
Biosciences). IELs were enriched after epithelial cell layer dissociation using Biocoll
density centrifugation and stained with anti-CD3-BUV395 (BD Biosciences, #563546), anti-
CD45-AF700 (Biolegend, #368514), anti-CD16-BUV737 (BD Biosciences, #612786), anti-
CD56-BV785 (Biolegend, #362550), anti-NKp44-PE (Biolegend, #325108), anti-CD127-
PE-Dazzle (Biolegend, #351336), anti-CD14-PE-Cy7 (Biolegend, #301814), anti-CD19-
PE-Cy7 (Biolegend, #363012), anti-BDCA2-PE-Cy7 (Biolegend, #354214), anti-CD1a-PE-
Cy7 (Biolegend, #300122), anti-CD123-PE-Cy7 (Biolegend, #306010), anti-CD34-PE-Cy7
(Biolegend, #343516) 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 RT-gPCR

RNA was retrieved from cells of the intestinal epithelium using Trizol (Thermo Fisher,
15596018) according to the manufacturer’s instructions. RNA was treated with RNase Out
(Thermo Fisher, 10777019) and DNase | (Thermo Fisher, AM2224) before transcribing

1 ug RNA into cDNA using the gScriber cDNA synthesis Kit (highQU, Kraichtal,

Germany, RTK0104). cDNA templates were mixed with TNF, interferon-gamma (IFNvy) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primer pairs (Supplementary Table

2) and the QuantiFast SYBR Green PCR Kit (Qiagen, Hilden, Germany, 204057). g°PCR
reactions were performed on the Lightcycler 96 System (Roche, Basel, Switzerland). For
calculating the relative gene expression, target Ct values were normalized to a reference
gene (GAPDH) and log2 transformed.

Human intestinal organoid culture

Human intestinal organoids from adult intestinal tissue samples were generated as
previously described.28-30 In brief, isolated intestinal epithelial cells were washed with
ice-cold AD+++ (Advanced Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 (Thermo
Fisher, 12634-028) containing 1% GlutaMAX (Thermo Fisher, 35050061), 10 mM HEPES
(Thermo Fisher, 15630056), and 1% penicillin/streptomycin (Sigma-Aldrich, P4333)) and
resuspended in ice-cold growth factor-reduced Matrigel (Corning, Corning, NY, 356231).
Matrigel droplets were seeded in pre-warmed 24-well plates (Greiner, Frickenhausen,
Germany, 662160) and covered with expansion medium (EM; Supplementary Table 3)
supplemented with 10 uM Rho kinase inhibitor Y-27632 (StemCell, Vancouver, Canada,
72308). 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 stimulation

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

Preparation of human NK cells from blood samples

All donors provided written informed consent to obtain PBMCs and studies were approved
by the ethics committee of the Arztekammer Hamburg. NK cells were isolated as previously
described!8 and after 5-7 day stimulation with 250 U/ml IL-2 (Pepro-Tech, 200-02) and

10 ng/ml IL-15 (Pepro-Tech, 200-15) to induce NKp44 expression used for functional
analyses.

Plate-coated NK cell and ILC degranulation assay

Degranulation assays were performed as previously described.18 In brief,

non-tissue culture-treated plates (Corning) were coated with HLA-DP401 or

HLA-DP301 molecules (provided by OneLambda), or biotinylated anti-NKp44
(Biolegend, 325106). Isolated NK cells or sorted intestinal ILCs (viable singlets
CD45"CD3CD14"CD19~CD1a BDCA-2"CD123-CD34-CD127™) resuspended in assay
medium containing Roswell Park Memorial Institute (RPMI) 1640 medium supplemented
with 10% FBS or IMDM supplemented with 10% FBS were distributed on coated

plates. The vesicular transport protein inhibitor brefeldin A (Sigma-Aldrich, B7651) and
anti-CD107a-BV785 (Biolegend, #328644) were added, and cells were incubated for 5—

8 hrs. NK cells were stained with anti-CD3-BV510 (Biolegend, #344828), anti-CD56-
BV605 (Biolegend, #318334), anti-CD16-FITC (Biolegend, #302006), anti-NKp44-AF647
(Biolegend, #325112), anti-TNF-PE (Biolegend, #502909) and LIVE/DEAD™ Fixable
Near-IR Dead Cell Stain Kit. ILCs were stained with anti-CD45-AF700, anti-NKp44-
AF647, anti-TNF-BUV395, anti-1L-22-PE and LIVE/DEAD™ Fixable Near-IR Dead Cell
Stain Kit. Fixation was performed using the BD Cytofix/Cytoperm Kit (BD Biosciences,
554714) and cells were analyzed using a BD LSR Fortessa.

Immunofluorescence

To de-wax the 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 (pH9) (product number: S236884-2) in a Braun Multiquick
FS20 steamer followed by washing in Agilent Wash Buffer Solution (product number:
K800721-2). The staining included NCAM1/CD56 (anti-mouse, Cell Signaling #3576,
1:400), HLA-DPA (anti-rb, Sigma-Aldrich #HPA017967-100ul, 1:100), AF488 donkey
anti-rabbit (Invitrogen #A-21206, 1:200), AF647 donkey anti-mouse (Invitrogen #A-31571,
1:200) diluted in Agilent Antibody diluent solution (product number: K800621-2). Primary
antibodies were incubated overnight at 4°C followed by corresponding secondary antibodies
for 1 hr. DAPI (Sigma-Aldrich D90542) was added within the Agilent Antibody diluent
solution to counterstain the nuclei. After washing, samples were mounted with Prolong Gold
(product number: P36930). 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 (ICC) mode.
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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. 2000 viable CD45"CD3"CD127~ and CD56*/CD16" single

or double positive NK cells were sorted from each donor, using a 5-laser FACS Aria-

Fusion (BD Biosciences). Single Cell Preamp IFCs, 5-10 pm (Fluidigm) were used for the
generation of cDNA. After cell capture, capture sites were visualized under a microscope
and only capture sites with one single cell were included into further analysis. Generation of
cDNA was performed following company protocol. Gene expression analysis was performed
using Biomark HD 192.24 Dynamic Array IFCs for Gene Expression.

NKp44 Fc binding to intestinal epithelial cells

IFNy-stimulated intestinal organoids (200 U/ml for 3—-4 days) were dissociated into single
cells using TrypLE Express, treated with 1 U/ml Proteinase K (Qiagen, 19131) and rested

in EM + Y-27632 at 37°C and 5%CO,. Cells were washed with phosphate-buffered saline
(PBS, Sigma-Aldrich, D8537) and stained with LIVE/DEAD™ Fixable Near-IR Dead Cell
Stain Kit, NKp44-Fc (25 pg/ml), secondary antibody F(ab) anti-human 1gG-PE and anti-
HLA-DP BUV737. Fixation was performed with 4% PFA (Sigma-Aldrich, P6148) and cells
were analyzed using a BD LSR Fortessa.

Co-culture of NK cells and intestinal epithelial cells

In NK cell — IEC co-cultures, NK cell donors were matched for HLA class | genotypes to
organoid donors to reduce allogenic reactions. All donors had heterozygous alleles encoding
for the epitopes C1/C2 and had at least one allele of Buw4. NK cells were isolated as
described above and cultured for 6—7 days in RPMI 1640 (Thermo Fisher, 12004997)
supplemented with 10% FBS (Capricorn, FBS-11A), 250 U/ml IL-2 (Pepro-Tech, 200-02)
and 10 ng/ml IL-15 (Pepro-Tech, 200-15). Unstimulated and IFN-y-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/target cell ratio of 1:2 for 5 hrs in
RPMI 1640 with 10% FBS. Additionally, anti-CD107a-BV785 antibody, brefeldin A (BD
Biosciences, 555029) and anti-HLA-DP (10 pg/ml; Leinco, H266) were added. For blocking
experiments, NK cells were pre-incubated in the presence of an anti-NKp44 antibody (30
ug/ml, Biolegend, #325122) for 30 min at 37°C. Cells were washed with PBS, stained with
anti-CD3-BV510, anti-CD16-FITC, anti-CD56-BV605, anti-NKp44-AF647, anti-TNF-PE
(Biolegend, #502909), 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. % NKp44 downregulation was calculated as follows: (% NKp44* cells of CD56**
NK cells after co-culture with DP~ IECs) — (% NKp44* cells of CD56** NK cells after
co-culture with DP* IECs). % CD107a upregulation was calculated by: (% CD107a* cells of
CD56™* NK cells after co-culture with DP* IECs) — (% CD107a* cells of CD56** NK cells
after co-culture with DP~ IECs).
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Co-culture of NK 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. IFNy-stimulated intestinal organoids
(3—4 days with 200 U/ml) were stained with 2 uM Calcein (Thermo Fischer, 65-0853-78)
and organoids derived from one reference well were dissociated into single cells and
counted to enumerate the number of target cells. Sorted viable CD3~, CD16~, CD56™*

NK cells were co-incubated with intestinal organoids at an effector/target cell ratio of 1:1
for 6 hrs in RPMI 1640 with 10% FBS and anti-HLA-DP (10 pg/ml; Leinco, H266). Co-
cultures were monitored using the spheroid module of the Incucyte SX5 Live Cell Imaging
Analysis Instrument (Sartorius, Gottingen, Germany). The size of individual organoids were
measured at 0 hrs and 6 hrs of co-incubation using Fiji. The normalized organoid size

was calculated as follows: (organoid size at 6 hrs) / (organoid size at 0 hrs). To determine
viability of IECs, NK cell — intestinal organoid co-cultures were harvested after 16 hrs
incubation and dissociated into single cells. Cells were washed with PBS, stained with
anti-CD45-BUV395 (BD Biosciences, #563792), 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 determine the effect of blocking of NKp44, NK
cells were pre-incubated in the presence of an anti-NKp44 antibody (30 ug/ml, Biolegend,
#325122) for 30 min at 37°C before co-cultures.

Software

BD FACS Diva (BD Biosciences) was used to acquire flow cytometry data and FlowJo
(version 10.8.1; Treestar) was used to analyse flow cytometry data. GraphPad Prism
(\ersion 9.4.0 for Windows; San Diego, CA, www.graphpad.com) was used for graphical
display and statistical analysis. ImageJ (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 Two-way ANOVA 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 UC and HLA-DPA1*01:03-DPB1*03:01 and HLA-DPA1*01:03-DPB1*11:01 as protective
haplotypes

To investigate whether individuals carrying certain HLA-DP haplotypes exhibit higher or
lower risk to develop UC, we performed a HLA-DP haplotype and association analyses

of 13,927 individuals with UC and 26,764 control individuals with Caucasian ancestry.
HLA-DPA1 and - DPBI1 genotypes were imputed from quality-controlled SNPs, and results
of the two different imputation methods, HIBAG3! and the MichiganimpServer2®, were
compared and revealed similar outcomes. Out of a total of 21 imputed HLA-DPAI-DPB1

Gastroenterology. Author manuscript; available in PMC 2024 October 01.


http://www.graphpad.com/
http://imagej.nih.gov/ij/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baumdick et al. Page 10

haplotypes, including 3 HLA-DPA1 alleles and 17 HLA-DPBI alleles, two protective HLA-
DPA1-DPB1 haplotypes and one risk HLA-DPAI-DPBI1 haplotype with allele frequencies
>1% and P< .05 were identified for UC after correction for multiple testing (Figure

1A, Supplementary Figure 1A, Supplementary Table 4). The haplotypes HLA-DPA1*02.01-
DPB1*11:01 and HLA-DFPA1#*01:03-DPB1*03:01 were associated with a decreased risk for
UC. In contrast, HLA-DPA1*01.:03-DPB1*04:01, was identified as a risk haplotype for UC
(Figure 1A).

Building on our recent findings that subsets of HLA-DP molecules serve ligands for the
activating NK cell receptor NKp44,18 the binding of the above-identified UC-associated
HLA-DP haplotypes to NKp44 was assessed using 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 two other alpha 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 alpha 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 strong
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®24:32:33 (Supplementary Table 5; Supplementary
Figure 1B). NK cell receptors, LAG-3 and FCRL6 have also been described to bind

to HLA class II molecules26:34, however no differential binding to previously described
HLA-DR, DQ or DP haplotypes associated with UC were observed (Supplementary Figure
2A-B). These results confirm the specific interactions between HLA-DP401 and NKp44
molecules,8 and provided rational for further analyses into a potential role for NKp44/
HLA-DP interactions in UC. Since HLA-DPA1#*01:03-DPB1*04.01 (haplotype frequency:
43.29%) as a risk haplotype and HLA-D PA17*01.03-DPB1*03:01 (haplotype frequency:
10.01%) as a protective haplotype for UC belong to the most common haplotypes in the
European population,3° we focused on these two HLA-DP haplotypes in further analyses.

Intestinal epithelial cells of individuals with UC 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 to controls. Immunohistochemical analyses showed HLA-DP™ cells in
intestinal crypts of individuals with UC, whereas HLA-DP expression was almost absent in
intestinal crypts of controls (Figure 2A; Supplementary Figure 3A). To further quantify the
expression 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 significantly higher compared

to controls, whereas HLA-DP expression levels of CD45*EPCAM™ immune cells was
lower and did not significantly differ between individuals with UC and controls (Figure
2B, Supplementary Figure 3B, C, D). As the expression of HLA class Il molecules is
regulated by the transcription factor class 11 transactivator (CI1TA),3¢ we also investigated
the expression levels of other HLA class Il molecules. HLA-DR expression was significantly
higher on IECs of individuals with UC compared to controls (Supplementary Figure 3E),
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whereas HLA-DQ expression levels did not significantly differ between individuals 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.

Pro-inflammatory cytokines TNF and IFNy upregulate HLA-DP expression by IECs

The pro-inflammatory cytokines IFN-y and TNF are involved in CIITA-dependent
upregulation of HLA-class Il molecules.37-38 TA/Fand /FNG were significantly upregulated
in the intestinal epithelium of individuals with UC compared to controls (Figure 2C). To
further assess the impact of TNF and IFN-y on HLA-DP expression of IECs, we generated
adult stem cell-derived human colon organoids from intestinal tissues of individuals with UC
or controls as previously described.28-30 Organoids generated from colon were stimulated
with different concentrations of TNF, IFN+y or a combination of both cytokines from

12 hours up to 3 days, and expression of HLA-DP molecules was quantified over time

using flow cytometric analyses. IFN-y stimulation induced increased expression of HLA-DP
molecules on EpCAM™* IECs in colon organoids over time (Supplementary Figure 4A-C).
This effect of IFNy was further enhanced by addition of TNF (Supplementary Figure

4B), whereas stimulation with TNF alone did not induce HLA-DP protein expression on
IECs in colon organoids (Supplementary Figure 4B, C). Remarkably, the upregulation of
HLA-DP molecules upon dual stimulation with IFNy and TNF was significantly higher

on IECs in organoids generated from UC-affected colon compared to controls (Figure

2D). Previously, increased expression of HLA-DP301 compared to HLA-DP401 molecules
has been described3®. Although a trend towards increased expression of HLA-DP by HLA-
DP301* IECs compared to HLA-DP401* IECs was observed, this difference decreased upon
stimulation with IFN-y and TNF (Supplementary Figure 4D), in line with previous studies.3?
Together, these results demonstrate that IFNy 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-y and TNF
over time upon culture in organoids.

HLA-DP401 engagement activates NKp44* NK cells

Binding of activating NK cell receptors to their respective ligands leads to activation,
degranulation, cytokine production and receptor internalization.? We next investigated
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
upon culture with IL-2 and I1L-15.41 Culture with HLA-DP401 molecules triggered NK
cell degranulation (CD107a) and TNF production to similar levels as the positive control
(anti-NKp44) and significantly higher compared to HLA-DP301 molecules for NK cells
from both healthy controls and individuals with UC (Figure 3A, Supplementary Figure
5A 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 3A). These data
demonstrate 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 results in the downregulation of NKp44 receptor expression on NK cells.
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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. While frequencies and total numbers of
CD56™ NK cells did not differ significantly between individuals with UC and controls

(data not shown), frequencies 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 to controls (Figure 3B, Supplementary Figure 5C). Due
to the relatively small sample size for these in-depth functional studies of intestinal samples,
the analyses could not be stratified by HLA-DP haplotype. We did however observe a
negative trend between NKp44* NK cells and HLA-DP* IECs (Spearman r = —0.38; 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 inflammation16:17:42, 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 to stimulation with
HLA-DP301 molecules (Supplementary Figure 5E), whereas IL-22 production was absent
upon co-incubation with both HLA-DP molecules (data not shown). These observations
suggest that the NKp44-HLA-DP receptor-ligand interaction can be utilized by different
immune cell types; however, considering the 12-fold higher numbers of epithelial NKp44*
NK cells compared to NKp44* ILCs (Supplementary Figure 5F), NK cells are likely the
principal mediators of inflammation in response to HLA-DP expressing IECs.

We next quantified mRNA expression of NKp44 (NCR2) in single NK cells isolated from
the epithelium of UC-affected intestines and controls, as mRNA levels should not be
affected by engagement with the ligand HLA-DP. NCR2was higher expressed in epithelial
NK cells from UC-affected epithelium compared to controls (Supplementary Figure 6A).
Furthermore, significant increased expression of /FNG, LAMP1 (encoding CD107a), PRF1
(encoding perforin) was detected in UC-derived epithelial NK cells compared to controls
(Supplementary Figure 6A). 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 regulation?8:4344, Taken together, UC-derived epithelial NK cells have an
increased pro-inflammatory profile together with increased expression of mMRNA of NKp44.
To further visualize the anatomical location of NK cells in the intestinal epithelium, a
co-staining using immunofluorescence 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, 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, associated with UC protection.
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Binding to HLA-DP-expressing IECs results in increased activation of primary NKp44* NK

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 IFNy-stimulated intestinal organoids from HLA-DP401P%5
individuals to organoids from HLA-DP301P% individuals. HLA-DP401-expressing IECs
displayed significantly higher binding to NKp44 Fc constructs compared to HLA-DP301-
expressing IECs (Figure 4A, Supplementary Figure 7A). In contrast, IFNy-treated HLA-DP
negative or low-expressing IECs showed no detectable binding to NKp44 Fc constructs,
independent of the HLA-DP allotype (Figure 4A). 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
co-culture with IECs from unstimulated and IFNvy-stimulated intestinal organoids from
homozygous HLA-DP401P% or - DP301P% individuals (Figure 4B). NK cell donors were
matched to organoid donors with regard to their HLA class I genotype (HLA-B/HLA-C),
which was comparable between HLA-DP401P% and HLA-DP301P° donors, and the same
NK cell donors were used in co-culture experiments with IECs from HLA-DP401- and
HLA-DP301-expressing intestinal organoids. As previously described,*} NKp44 expression
was highest on CD56** NK cells allowing interactions with HLA-DP in this NK cell
subset. 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 60-90% (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 to NK cell degranulation after co-culture with HLA-DP401-expressing
IECs. Degranulation did not significantly differ after co-culture with unstimulated organoids
from either HLA-DP haplotypes, but was significantly higher in CD56™* NK cells after
co-culture with IFN-y-stimulated, HLA-DP401-expressing IECs as compared to co-culture
with IFNy-stimulated, HLA-DP301-expressing IECs (Figure 4B and C, Supplementary
Figure 7B). In line, a trend towards higher TNF production by CD56** NK cells after co-
culture with IFN-y-treated, HLA-DP401-expressing IECs was observed compared to cultures
with HLA-DP301-expressing IECs (Figure 4D, Supplementary Figure 7C). As expected,
NK cell degranulation was associated with NKp44 downregulation on CD56** NK cells
co-cultured with HLA-DP401 expressing IECs (Figure 4E, Spearman r: 0.81, £=.02). NK
cell degranulation and TNF production in NK cell - IEC (HLA-DP401*) co-cultures was
significantly reduced by an anti-NKp44 blocking antibody, further validating the critical
interaction of NKp44 with HLA-DP (Figure 4F, G).

To assess whether the enhanced NK cell activation in response to HLA-DP401 expressing
IECs resulted in epithelial damage, we performed co-cultures of NK cells with intestinal
3D-organoids. After 6 hours, the size of HLA-DP401-expressing intestinal 3D-organoids
co-cultured with CD56** NK cells was significantly reduced indicating destruction of

the 3D-organoids by the NKp44* NK cells (Figure 5A), whereas the size of HLA-DP301-
expressing organoids in co-culture with CD56* NK cells remained similar to cultures
without NK cells (Figure 5A). In line with these morphometric analyses, the percentages of
dead IECs in HLA-DP401" organoids cultured with NK cells were significantly higher as
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compared to HLA-DP301" organoids (Figure 5B, Supplementary Figure 8A). Blocking of
the NKp44-HLA-DP interaction using an anti-NKp44 blocking antibody rescued viability
of HLA-DP401* 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 components, host genetic factors and mucosal
immune dysregulation are involved in the pathogenesis of UC.? In particular, significant
genetic associations with UC have been identified in the HLA class 11 region.®45 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.%:24 We extended our
study to investigate the associations of UC with the HLA-DP haplotype, which includes the
combination of the alpha (HLA-DFA1)and beta (HLA-DPBI) 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.® Goyette 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 (£=0.09, OR = 0.9), potentially due to differential
imputation accuracy score used. Of note, the UC risk allele HLA-DPB1#*04.01s in

weak linkage disequilibrium (LD) with the previously reported UC risk HLA class Il
alleles HLA-DRB1%*15:01, HLA-DQAI1*01.02 and HLA-DQBI1*06:01/2, whereas the UC
protective alleles HLA-DP*11:01 and HLA-DP*03.01 are in weak LD with other reported
UC protective alleles (HLA-DRB1*13:02, HLA-DRB1*07:01, HLA-DQA1*02:01, HLA-
DQBI1#02:01 and HLA-DQBI*06:04).9-2446.47 \Ne furthermore assessed whether binding
of other NK cell receptors, such as LAG3 to HLA class Il molecules34 display distinct
patterns associated with UC risk or protective alleles, however these were not detected. The
findings presented here highlight the need to determine the functional consequences of risk-
associated haplotypes in the interactions between human immune and human tissue cells to
disentangle the individual contributions of risk alleles/haplotypes in disease pathogenesis.
This is particularly critical for receptors and their ligands such as NKp44 and HLA-DP,
which are restricted to humans and can not be studied in mice.

Although it is well-known that HLA class 1l molecules are expressed on antigen-presenting
cells and B cells, epithelial cells can induce HLA class Il molecule expression upon
stimulation with inflammatory signals, through the activation of the transcription factor
CIITA.#849 In line with previous studies investigating HLA class 11 molecule expression in
UC-affected intestines,>%:51 we observed significant upregulation of HLA-DP molecules in
the intestinal epithelium of individuals with UC. Stimulation of intestinal organoids with

the pro-inflammatory cytokines IFN+y and TNF, which also displayed increased expression
in UC affected intestinal epithelium, induced HLA-DP upregulation on IECs, recapitulating
the /n vivo situation. Organoids generated from HLA-DP401P% compared to HLA-DP301P%
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individuals provided the opportunity to demonstrate that IFN-y-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 upon IFN+y and TNF
stimulation in intestinal organoids derived from individuals with UC than from controls,
indicating that inflammatory response-signatures can be maintained /n vitroin intestinal
organoids. Thus, organoids recapitulate disease states and can be used to investigate the role
of specific genotypes in interactions with immune cells in human diseases, especially in the
context of genes restricted to humans.>2

The role of NK cells in UC has been less investigated compared to 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 KIRs but also NKp44.
Nevertheless, previous studies analyzing human samples have indicated a potential role

for NK cells in UC.13-15 Our studies demonstrate 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 to HLA-DP301.18
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* 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
influenced production of TNF but not IL-22, potentially contributing to inflammation and
tissue damage in UC.16 Overall, the methodological approach applied here, using organoid
systems encoding for specific HLA alleles, offers a novel /n vitro approach to determine
interactions of immune cells in immune-mediated diseases in general.

In conclusion, our data identify a molecular and functional 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 activation 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 the over 40% of
all UC patients who carry the UC risk HLA-DP haplotype, and may complement current
treatment strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What you need to know
Background and Context

The chronic 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 1l molecule HLA-DP, HLA-DPAI1*01:03-
DPBI1*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 only of Caucasian individuals. Whether the here identified risk
haplotype also frequently occurs in other populations needs to be investigated.

Basic Research Relevance

The herein identified UC risk genotype HLA-DPAI*01:03-DPBI1*04:01 is the most
frequent HLA-DP haplotype in the European population with a frequency of more than
40%. Targeting the NKp44/HLA-DP interaction might therefore constitute a promising
future therapeutic approach to decrease epithelial damage by NK cells in UC patients
carrying this UC risk HLA-DP haplotype.
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Figure 1: HLA-DP risk haplotype for UC binds to NKp44.

A. Imputation of HLA-DPAI-DPBI genotypes using HIBAG (left) and MichiganImpServer
(right) showing UC risk and protective HLA-DPA1-DPB1 haplotypes with a frequency of
>1% and a False Discovery Rate P (AFDR)) of < .05. Odds ratios (OR) and 95% confidence
intervals are shown. B. NKp44 Fc construct binding to beads coated with different HLA-DP
molecules was determined and medians of fluorescence intensity (MFIs) 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.
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Figure 2: High HLA-DP expression on intestinal epithelial cells of individuals with UC.
A. Images of immunohistochemical analyses of control and UC colons. Specific HLA-DP

expression is labelled 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 percentage of HLA-DP* cells of EpCAM™* IECs of controls (n = 7) and
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individuals with UC (n = 6) (right panel). C. Relative mRNA expression of 7A/Fand
IFNG to reference gene GAPDH in the intestinal epithelium of individuals with UC (n

= 4) compared to controls (n = 5). D. Representative histograms of HLA-DP expression

in EpCAM™ epithelial cells in organoids derived from controls or individuals with UC
upon stimulation with IFN-y (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) upon IFN-y 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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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 PBS, HLA-DP301 and HLA-DP401 measured by
flow cytometry. Each dot represents an individual donor and lines connect CD107a, TNF

or NKp44 expression of one 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
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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 DAPI of control and UC-affected colon tissues. Scale bars: 20 pm.

All boxes indicate medians with 25% and 75% quartile ranges, and whiskers indicate
minimum and maximum values. Statistical significance was measured using Wilcoxon
signed rank tests (A) or Mann-Whitney U comparisons (B).
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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 IFNvy stimulation (200 U/ml for 3 days)
(left panel). Median percentages of NKp44 Fc construct binding to HLA-DP~/1oW or HLA-
DPhigh |ECs (n = 9 replicates of 2 donors in 3 independent experiments for each haplotype)
(right panel). B. Representative flow cytometric plots showing CD107a expression of
CD56™* NK cells after co-culture with HLA-DP301- or HLA-DP401 expressing IECs.
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IECs were either unstimulated (=) or stimulated (IFNvy) (200 U/ml for 3 days). C. Plots
show fold change degranulation of CD56** NK cells after co-culture with unstimulated

(-) (left panel) or stimulated (IFNvy) (right panel) IECs (degranulation upon 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 one
NK cell donor. D. Plots show fold change of TNF expression of CD56™* NK cells after
co-culture with unstimulated (=) (left panel) or stimulated (IFN-y) (right panel) IECs (TNF
expression upon 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 one NK cell donor. E. Plot showing correlation between percentage of
NKp44 downregulation against percentage of CD107 upregulation on NK cells co-cultured
with HLA-DP401 expressing IECs (n = 8 NK cell donors). Line indicates linear regression.
F. and G. Plots show fold change degranulation (F) and TNF expression (G) of CD56*" NK
cells after co-culture with IFN-y-stimulated HLA-DP401* IECs in presence of an isotype
or anti-NKp44 blocking antibody (degranulation and TNF expression of CD56** NK cells
upon co-culture 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 one 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, G).
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Live/Dead-NIR

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 co-cultures of CD56* NK cells with IFNy-stimulated,
Calcein-labelled (green) HLA-DP301- or HLA-DP401-expressing intestinal organoids at

0 hrs and 6 hrs (left panel). Plot shows normalized organoid size of HLA-DP301- and HLA-
DP401-expressing intestinal organoids in presence or absence of CD56™* NK cells (n = 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 co-culture 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 co-culture with CD56*" NK cells (n =6
replicates from 2 NK cell donors). C. Plot shows fold change in dead HLA-DP401* IECs
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(LIVE/DEAD™ Fixable Near-IR Dead Cell Stain) after co-culture with CD56** NK cells
in presence of an isotype or anti-NKp44 blocking antibody (percentage of dead IECs upon
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 one 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 Two-
way ANOVA (A), Mann-Whitney U comparisons (B) or Wilcoxon signed rank tests (C).
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