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Abstract

Background & Aims: Recent literature has implicated a key role for mast cells in murine
models of colonic inflammation, but their role in human ulcerative colitis (UC) is not well-
established. A major advance has been the identification of mrgprb2 (human orthologue,
MRGPX2) as mediating IgE-independent mast cell activation. We sought to define mechanisms of
mast cell activation and MRGPRX2 in human UC.

Methods: Colon tissues were collected from UC patients for bulk RNAseq and lamina propria
cells were isolated for MRGPRX2 activation studies and single-cell RNA sequencing (SCRNAseq).
Genetic association of all protein altering GPCR SNPs was performed in an Ashkenazi Jewish

UC case-control cohort. Variants of MRGPRX2 were transfected into CHO and HMC-1.1 cells to
detect genotype-dependent effects on B-arrestin recruitment, IP-1 accumulation, and phosphoERK.

Results: Mast cell-specific mediators and ADM (adrenomedullin, proteolytic precursor of
PAMP-12, an MRGPRX2 agonist) are upregulated in inflamed compared to uninflamed UC.
MRGPRX2 stimulation induces carboxypeptidase secretion from inflamed UC. Of all protein-
altering GPCR alleles, a unique variant of MRGPRXZ2, Asn62Ser, was most associated,
bioinformatically predicted to alter arrestin recruitment. We validated that the UC protective
serine allele enhances beta-arrestin recruitment, decreases IP-1, and increases phosphoERK with
MRGPRX2 agonists. scRNASeq defines that ADM is expressed by activated fibroblasts and
epithelial cells, and that IFNG is a key, upstream regulator of mast cell gene expression.

Conclusion: Inflamed UC regions are distinguished by MRGPRX2-mediated activation of mast
cells, with decreased activation observed with a UC-protective genetic variant. These results define
cell modules of UC activation and a new therapeutic target.

Short summary:
Inflamed ulcerative colitis regions demonstrate MRGPRX2-mediated degranulation of activated
mast cells, implicating a positive feedback inflammatory loop compared to uninflamed colon. The
identification and functional validation of a loss-of-function, protective serine allele in MRGPRX2
defines a new therapeutic target for ulcerative colitis.

Lay Summary:

Inflamed ulcerative colitis regions demonstrate G-protein coupled receptor (GPCR)-mediated
degranulation of mast cells. The identification of a loss-of-function, protective GPCR allele
defines a new therapeutic target for ulcerative colitis.

Keywords
ulcerative colitis; mast cells; G-protein coupled receptors; Single Cell Sequencing

Introduction

Upon activation, mast cells can release a variety of proinflammatory mediators of both
acute and chronic effects. Such mediators include histamine, tryptase, and carboxypeptidase,
which induce acute allergic responses and chronic inflammation through autocrine and
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paracrine pathways®. Targeting mast cell mediators has been highly effective in allergic
and IgE-mediated diseases, including asthma. Beyond anti-histamines, approaches to block
tryptase activity have been recently proposed to target selected asthma patients?.

While a growing literature is implicating mast cells in murine models of colitis3, its

role in human ulcerative colitis (UC) is not well established®. Conflicting data exist as to
whether mast cell numbers are increased® or decreased in inflamed UC. The under-studied
status of mast cells in IBD may result in part from the relative difficutly of isolating

mast cells, especially activated ones, which are more prone to rapid cell death resulting
from release of proteolytic enzymes. A major advance in the biology of mast cells was

the identification of an essential role for mrgprb2 in murine models of injection site,
pseudo-allergic drug reactions®. IgE-independent activation of mast cells via mrgprb2 (or
its human ortholog, MRGPRX2) also mediates bacterial quorum-sensing, via activation by
CSP-1 (colony-stimulating peptide)®. A variety of both host and microbial peptide triggers
have been reported to activate MRGPRX2 and other G-protein coupled receptors (GPCRS),
with the bioactive agent often resulting from proteolytic cleavage of inactive precursors.

GPCRs disproportionately contribute as targets for present medical therapies!C. This reflects
the broad range of biologic processes for which GPCRs play an essential role, combined
with a well-studied biology, including ligand-receptor mappings and receptor desensitization
via arrestin recruitment. Cell-cell communications mediated via GPCR ligand-receptor
pairings are finely-tuned through ligand concentration gradients, and by highly variable
activities to endogenous ligands!!. Accelerated development of specific and high affinity
synthetic ligands has recently been achieved by leveraging sophisticated and comprehensive
3D structure information!2. These high affinity ligands provide powerful probes to more
precisely delineate GPCR functions.

In this study, we explored the role of mast cells and MRGPRX2 in human UC through direct
ex-vivo, bulk RNASeq expression, genetic and single-cell RNASeq (scRNASeq) studies.
The superficial, continuous and often sharply demarcated distribution of injection site drug
reactions® is reminiscent of the frequent demarcation of inflammation observed in UC; we
therefore compared acutely inflamed and uninflamed UC tissue to establish MRGPRX2
specific activation solely in inflamed tissues. Among protein-altering alleles in GPCRs,

we observe the most significant association to an Asn62Ser allele in MRGPRX2 in an
Ashkenazi Jewish UC exome chip case-control cohort, with the minor serine allele predicted
to protect from UC. Prior studies have reported that MRGPRX2 stimulation by LL-37 does
not result in internalization of MRGPRX213. By applying sequence motif patterns predicting
arrestin recruitment gleaned from crystallography studies of high affinity GPCR-ligand
binding®4, we predicted that the minor, serine allele in MRGPRX2 would result in a gain

of arrestin binding relative to the asparagine allele. We validated this prediction across a
variety of MRGPRX2 agonists using arrestin recruitment and IP-1 (inositol monophosphate)
accumulation assays. Both bulk RNASeq and scRNASeq implicate a key role for ADM
(adrenomedullin) and its proteolytic product, PAMP-12, in perpetuating UC inflammation.
UC is characterized by a failure to downregulate inflammation in response to incompletely
defined triggers; the present study defines a module of different cells types that together may
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converge on the perpetuation of mast cell activation, defining a novel therapeutic candidate
for the treatment of UC.

Materials and Methods

Bulk RNAseq analysis

The raw counts from 401 UC bulk mRNASeq samples in the Mount Sinai Crohn’s and
Colitis Registry were obtained after mapping®. Removal of low expression transcripts,
normalization and differential expression was performed using DESeq?2 with criteria of
adjusted P < 0.05 and |Fold change|> 1.41. For mast cell-specific tryptases, histamine, and
carboxypeptidase (Figure 1A), the data consisted of 312 (144 inflamed and 168 uninflamed)
rectums and 89 (48 inflamed and 41 uninflamed) sigmoids. For ADM expression (Figure
1B), the data consisted of paired inflamed and non-inflamed tissues of 163 rectum (75
inflamed 88 uninflamed) and 89 (48 inflamed and 41 uninflamed) sigmoids.

Human specimens for scRNASeq and ELISA studies

Patients were identified by screening surgical programs at Mount Sinai Hospital. Protocols
were reviewed and approved by the Institutional Review Board (IRB) at the Icahn School
of Medicine at Mount Sinai (HSM#14-00210). The demographic and clinical information
of patients is shown in Table S1. All tissues included in the study were confirmed by
pathological examination as active colitis.

GPCR UC association

Association testing was conducted in AJ ancestry samples for 559 UC cases, and 2614
controls genotyped using the exome chip as in Chuang®® and Huil’. The association results
were filtered for human GPCR genes, and the p-values were plotted. The replication cohort
was comprised of 685 independent AJ UC cases and 4,746 AJ controls.

Lamina propria single-cell suspensions

CPA3 ELISA

Biopsies were obtained from both the inflamed and non-inflamed regions and stored in
RPMI-1640 (Corning), followed by incubation in 1mL dissociation medium (HBSS w/o
Ca2+ Mg2+ with HEPES 10mM and EDTA 5mM (Life Technologies)) at room temperature
for 30 minutes. Following by two washes in RPMI, biopsies were digested in digestion
medium (HBSS with Ca2+ Mg2+, FBS 2%, DNase | 0.5mg/mL (Sigma-Aldrich) and
Collagenase 1V 0.5mg/mL (Sigma-Aldrich)) for 40 min at 37°C under 100 rpm agitation.

The lamina propria cells were seeded in 5000 cells per 20ul for each treatment. Cells were
incubated with (R)-Zinc3573 at a final concentration of 120uM for 90 minutes at 37C.
ELISAs were performed with LifeSpan BioSciences Human-CPA3 Elisa Kit with optical
density readout at 450nm.
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Flow cytometry and fluorescent activated cell sorting (FACS)

Cells were pelleted and washed in FACS buffer with 2% FBS in DPBS (Gibco). Cells were
stained with PE anti-human MRGX2 Antibody (359003; BioLegend) or PE Mouse 1gG2b

k Isotype Control (400314; BioLegend) at a concentration of 1.25 ul of antibody per 1
million cells in a final volume of 100 ul for 20 minutes on ice and wash twice. Cells were
resuspended in 0.1% FBS in DPBS with a 1:1000 dilution of Zombie Aqua Fixable Viability
stain (423101; BioLegend) and sorted by BD FACSAria 11l (BD Biosciences).

B-Arrestin recruitment assay

Both Asn62 and 62Ser variants were synthesized and subcloned into pCMV-ProLink1 by
Invitrogen GeneArt Gene Synthesis. PathHunter CHO-K1 B-Arrestin2-EA cells (DiscoverX)
were electroporated with Amaxa_SF_Cell_Line 4D-Nuclefector Kit (Lonza) to introduce
Asn62, 62Ser, and GFP positive transfection control. The media was supplemented

with 800ug/mL G418 and renewed every 2 days for 14 days. Transfected cells were

sorted by flow cytometry for high expressing MRGPRX2 cells using PE anti-human
MRGX2 Antibody. 5,000 cells per 20uL of CHO-Asn62 and CHO-62Ser were seeded

in quadruplicates into each experimental well of a 384-well opaque bottom, white plate

and incubated overnight. Cells were treated with ligands and vehicle, and incubated for

90 minutes. 12.5uL of detection reagent (DiscoverX) was added and incubated at room
temperature for 1 hour in the dark. Luminescence was read using EnVision Multimode Plate
Reader (PerkinElmer). Each condition was repeated in triplicate.

IP-One Gq bioassay

We subcloned Asn62 and 62Ser plasmids from Gateway pDONR vectors into pEZYmyc-
His. pEZYmyc-His was a gift from Yu-Zhu Zhang (Addgene plasmid #18701). CHO

cells were cultured, expanded, and electroporated with Amaxa Kit. The transfectants were
maintained in Ham’s F12-K Medium (Gibco) and 10% FBS for 48 hours. Growth media
was supplemented with 900ug/mL G418 for selection and renewed every 2 days for 10
days. Transfected cells were sorted by flow cytometry. Experiments were conducted using
IP-One_Gq Kit (Cisbio). After optimization, 40,000 cells per 20uL of CHO cells were
seeded and treated as described in B-Arrestin assay. After 16 hours, 20uL media was
removed and replaced with 7puL of fresh growth media. Each experimental well was treated
with 7L of 2X agonist for 2 hours. Fluorescence was read using EnVision Multimode Plate
Reader (PerkinElmer).

HMC cell culture, transfection, selection and stimulation

HMC-1.1 (Sigma-Aldrich) were grown in Iscove’s Dulbecco’s Modified Medium (Gibco)
supplemented with 10% FBS (Sigma), 1.2mM a-thioglycerol (Sigma), and either 1x
penicillin/streptomycin for untransfected HMCs or 900 ug/ml Geneticin (Gibco) for
MRGPRX2 transfected HMCs. Cells were transfected with the Amaxa_SE_Cell_Line 4D-
Nucleofector X Kit L (Lonza) and grew at 900 ug/ml G418 for 14 days. Cells were

sorted by flow cytometry. After expansion, 200,000 cells per well were stimulated at

37°C with PAMP-12, (R)-Zinc3573, and their respective vehicles. Cells were stimulated
for 0.5 minutes, 1 minute, or 5 minutes and immediately pelleted and lysed using RIPA
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Lysis Buffer (Millipore) with added Halt Protease and Phosphatase Inhibitor Cocktail (Life
Technologies), and placed on 4°C rocker for 30 minutes.

Immunoblotting

2-5 ug of protein samples obtained from HMC-1.1 stimulation were mixed with 4X
sample buffer (Bio-Rad) containing 10% beta-mercaptoethanol (American Bioanylitical).
The proteins were separated on a 4-15% Mini-PROTEAN TGX (BioRad) and transferred
to a polyvinylidene difluoride membrane using Trans-Blot Turbo (Bio-Rad), and blocked in
5% bovine serum albumin in 1x tris buffered saline with 0.1% Tween20 (BioRad & Sigma-
Aldrich). The blot was then probed with the following primary antibodies: 1:1000 p44/42
MAPK (ERK1/2) (4695S; Cell Signaling) or 1:1500 Phoshpo-p44/42 MAPK (pERK1/2)
(9101; Cell Signaling) and rocked overnight at 4°C. A secondary incubation of a 1:5000
and 1:20,000 dilution of horseradish-peroxidase conjugated Goat anti-Rabbit 1gG (31462;
Pierce). Bound antibody was detected using SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific). Blots were stripped using Restore PLUS Western Blot
Stripping Buffer (Thermo Scientific) and re-probed with 1:1000 dilution of a/p - Tubulin
(2148s; Cell Signaling). Following overnight rocking at 4°C, we performed a secondary
incubation of a 1:5000 diluted antibody. Band intensity was quantified using ImageJ

and mathematically normalized to a/p tubulin. The normalized values were divided by
pPERK/ERK and converted relative to the highest raw data value.

Tagman genotyping
The total DNA from cells was extracted using QlAamp DNA Mini Kit (Qiagen).
Tagman_Custom SNP-Genotyping Assay with Tagman Genotyping Master Mix (Life
Technologies) was used to confirm genotypes. Plasmids were sequence confirmed via
Sanger sequencing (GeneWiz). Primer sequences are listed in Table S2

Immunohistochemistry (IHC)

A Discovery ULTRA Staining Module (Roche Diagnostics) was used with RUO
DISCOVERY Multimer_V2 following the manufacture’s protocol. In short, we performed
antigen retrieval by steaming slides in 0.01 M sodium citrate buffer at 100°C for 20
minutes. Incubating slides for 20 minutes and rinsed in 1x TBST for 1 minute at room
temperature. Anti-MRGPRX2 or anti-CPA3 primary antibody (Sigma) was applied at

1:350 or 1:225 dilution, respectively, and anti-Mast Cell Tryptase (Fisher Scientific) at
1:2000 dilution for 60 minutes. We blocked with 2% BSA in PBS for 32 minutes. For anti-
MRGPRX2 and CPA3, we applied secondary antibody anti-Rabbit HQ, amplified with anti-
HQ-HRP and detected using Discovery Purple Kit (RUO). For anti-mast cell tryptase, we
applied secondary antibody OmniMap-DAB anti-Mouse HRP and detected using Discovery
ChromoMap DAB Kit.

The scRNAseq and analysis

Single cells were processed through the 10X Chromium Single-Cell Platform using the
Chromium Single-Cell 3" Library, Gel_Bead_Kit_v2 and the Single-Cell A Chip Kit
(10X Genomics). Libraries were sequenced on Illumina NextSeq 500. We analyzed paired
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inflamed rectum (7= 4) and uninflamed sigmoid (7= 5) from 4 UC patients. Sequences
were aligned to the GRCh38 using the Cell Ranger v.2.1.0 (10X). We excluded genes
expressed in fewer than three cells, cells that expressed fewer than 500 genes, and

unique molecular identifier (UMI) count less than 500 or greater than 60Kk. Per cell,

we normalized by dividing UMI per gene by total UMI and log-transforming. We used
Seurat (Seurat_R_package v.3.0.1) integrated model to generate a combined UC model
with cells from both inflamed and uninflamed samples retaining their group identity. We
used shared nearest neighbor graph-based clustering with 15 principal components. UMAP
visualizations, violin plots were produced using Seurat3!® functions in conjunction with
ggplot2. We conducted DEG in mast cell cluster (cluster 15) using FindMarkers function in
Seurat, which is based on Wilcoxon test.

Upstream regulator analysis

The analysis was performed on the list of the significant differentially expressed gene
between inflamed and uninflamed cells within the Mast cell cluster with p-value <0.005
using Ingenuity Pathway Analysis software (Ingenuity Systems)19. The results were
visualized using gplots package in R with the average expression across each of the clusters
in the combined UC integrated dataset.

LAD2 cell culture and stimulation

LAD?2 cells were maintained in StemPro-34 serum-free media (Invitrogen) supplemented
with penicillin (100 1U/ml), streptomycin (100 pg/ml), L-glutamine (2 mM), and
recombinant human stem cell factor (100 ng/ml, Sigma). 3,000,000 cells per well with 3
replications were treated with 20 ng/mL TNFa, IFNvy, or IL-13 (all from R&D systems).
After 4 hours of cytokine incubation, cells were pelleted and lysed for qPCR.

Real-time quantitative PCR

Results

RNA was isolated using Trizol-LS (Invitrogen) and cDNA was synthesized with SuperScript
I11 First-Strand Synthesis SuperMix (Invitrogen). gPCRs were prepared with SYBR Green
PCR MasterMix (Applied Biosystems). All reactions were run for 40 cycles in duplicates
and analyzed using the ViiA 7 (Applied Biosystems). Gene expression was normalized to
18S and fold changes were calculated relative to untreated controls. Primer sequences for
IRF1 (interferon regulatory factor 1), PIM1 (proto-oncogene, serine/threonine kinase) and
PSMBS8 (proteasome 20S subunit beta 8) are listed in Table S2.

Mast cell mediators and activators are transcriptionally induced in inflamed UC compared
to uninflamed regions.

During inflammation, mast cells degranulate and release mediators such as histamine,
tryptase, and carboxypeptidase in response to activating signals. We first sought to determine
whether transcriptional induction of these mast cell predominant, abundant mediators was
also present. We re-analyzed 401 UC bulk mRNASeq samples from the Mount Sinai
Crohn’s and Colitis Registry (MSCCR)1°. For tryptase alpha/beta 1 (TPSAB1), tryptase
beta 2 (TPSB2), histidine decarboxylase (HDC), and carboxypeptidase 3 (CPA3) highly
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significant induction of mMRNA levels (P-values < 0.001) were present in inflamed tissues
comparing to uninflamed colon (Figure 1A). We next analyzed whether upstream, mast cell
activators are also transcriptionally induced in inflamed colon. We tested for induction of
IGHE (immunoglobulin heavy constant epsilon) or proteolytic precursors to MRGPRX2
activation were induced. Specifically, ADM (adrenomedullin, cleaved to PAMP1220),
CAMP (cathelicidin antimicrobial peptide, hydrolyzed to produce LL-3721), and TAC1
(tachykinin precursor 1, proteolytic precursor to substance P22) were compared. Of these
upstream activators of mast cells, no significant transcriptional induction was present in
inflamed compared to uninflamed tissues, except for with ADM.

Comparing across patients sampled at the same location, we observed substantially higher
ADM expression in inflamed compared to uninflamed colonic regions (adjusted p-values of
1.0 x 1073 and 2.92 x 1073, for the rectum and sigmoid, respectively) (Figure 1B). Within
the same patients, paired analyses comparing inflamed rectum and uninflamed sigmoid, we
observed significantly higher ADM expression in the inflamed rectum (adjusted p-value =
2.07 x 1074). Finally, in healthy controls, we observed no significant difference between
rectal and sigmoid expression of ADM, even though rectal expression trended higher. ADM
is an enzyme-substrate of CPA320, so we next sought to test whether MRGPRX2 agnonism
might be different in inflamed compared to uninflamed UC.

MRGPRX2-mediated induction of CPA3 observed in inflamed with UC regions, with
nominal genetic association observed at a unique, protein-altering allele.

MRGPRXZ2is a member of the Mas-related GPR gene family. A synthetic ligand, (R)-
ZINC3573, was found to be specific to MRGPRX2 across a number of GPCRs by PRESTO-
Tango and by testing the parent scaffold using a kinome screen?3, We sampled lamina
propria mononuclear cells attained from inflamed compared to uninflamed UC biopsies
(Table S1; ID:1-3). In all patients analyzed, we observed substantially greater CPA3
secretion with (R)-ZINC3573 stimulation (Figure 1C), indicating that differential mast cell
activation is one feature that distinguishes inflamed from uninflamed UC.

Analyses of all human GPCR protein-altering SNPs from our exome chip data of Ashkenazi
Jewish IBD16:17 demonstrated that the Asn62Ser (rs10833049) allele of MRGPRX2 was
the most associated protein-altering allele in UC (Figure 1D, P-value = 3.71x 107°), with
increased association evidence observed compared to the expected distribution by quantile-
quantile plot. We saw similar trends (P-value = 0.019) in an independent, Jewish UC
case-control cohort. Carboxypeptidase has been reported to proteolyze ADM to various
endogenous peptide products, including PAMP-1220; a positive feedback loop between a)
activated mast cells and b) increased production of ADM and PAMP-12, can be postulated
(Figure 1E). Phosphorylation of serine or threonine residues of intracellular residues of
GPCRs can alter arrestin recruitment and the precise amino acid and spacing features

that modulate arrestin recruitment have been recently defined through crystallographyl4.

In previous MRGPRX2 stimulation studies with LL-37, an antimicrobial peptide, had not
demonstrated any evidence for receptor desensitizationl3.

The more common and ancestral asparagine allele at codon 62 would not be predicted
to recruit beta-arrestin; however, the serine allele is predicted to result in a gain of a
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phosphorylation site, thereby enhancing beta-arrestin recruitment (Figure 1F). The presence
of both highly potent and specific synthetic agonists, as well as a range of previously
reported natural MRGPRX2 agonists1323:24 provides a foundation upon which genotype-
dependent differences in GPCR signaling can be tested.

The serine allele at Asn62Ser in MRGPRX2 increases arrestin recruitment compared to the
ancestral asparagine allele.

Two main signaling pathways of MRGPRX2 are calcium release/IP1 for activation, and -
Arrestin recruitment for desensitization (Figure 2A). Besides down-regulating phospholipase
C signaling, beta-arrestin recruitment to GPCRs activates MAP kinase pathways25. To test
the desensitization ability of serine allele on MRGPRX2, we synthesized expression vectors
of the two alleles tagged with a p-Gal ProLink Peptide Tag. Electroporation of Asn62 and
62Ser MRGPRX2 expression vectors was performed into CHO cells containing PathHunter
B-Arrestin tagged to inactive beta-galactosidase. Following G418 selection for 14 days,
FACS of the Asn62 and 62Ser MRGPRX2 stably expressing cells was performed to ensure
comparable expression (Figure S1) of the receptor prior to their use in the B-Arrestin
recruitment assay.

Following time-course optimization studies (Figure S2), we performed dose-response
assays using both the high affinity (R)-ZINC3573 synthetic agonist, its S-enantiomer

23 and previously reported natural ligands, including LL-3713, PAMP-12 24 and CSP-1
(competence stimulating peptide 1) 2. For all selected ligands, except LL-37, we observed
significantly greater pEC50 for the serine allele, indicative of the greater capacity for
beta-arrestin recruitment to MRGPRX2 (Figure 2B). There was no significant differences
of Emax between alleles (Figure 2C). We tested all ligands throughout a broad range

of doses, and consistently observed greater luminensence for the serine allele (except
LL-37), indicative of higher levels of B-arrestin recruitment to MRGPRX2. LL-37 showed
a modestly higher recruitment observed for the serine allele only at the highest dose
tested. (Figure 2D-E). CSP-1 is a recently reported quorum-sensing molecule found in
gram-positive bacteria including Enterococcus fecalis, which activates MRGPRX2°.

Activation of MRGPRX2 as measured by IP1 accumulation is decreased with 62Ser
compared to Asn62.

As a Gg-coupled receptor which activates phospholipase C, we next sought to test for
genotype-dependent differences in activation as measured by inositol monophosphate (IP1),
a downstream metabolite of inositol trisphosphate (1P3). Electroporation of Asn62 and 62Ser
into CHO cells was performed, followed by G418 selection and flow cytometry. Addition of
LiCl blocks breakdown of IP1, thereby providing sensitive and reproducible measurements
of cumulative receptor signaling through phospholipase C. Stimulation with (R)-ZINC3573,
PAMP-12, CSP-1, (S)-ZINC3573, and LL-37 was performed. With (R)-ZINC3573,
PAMP-12 and CSP-1 stimulation, we observed substantially higher accumulation of IP1
with the asparagine allele with multiple activating doses, indicative of greater cumulative
activation of the phospholipase C pathway compared with the serine allele at Asn62Ser

in MRGPRX2 (Figure 3A-B). With (S)-ZINC3573, higher IP1 levels were observed at

the highest activating dose with the asparagine allele, whereas with LL-37, only modest
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IP1 levels were observed, with no genotype dependent differences noted (Figure 3: (S)-
ZINC3573 & LL-37). These results are consistent with the finding of greater B-arrestin
recruitment with the serine allele.

Increased pERK activation with 62Ser compared to Asn62 allele in mast cells.

Because MRGPRX2 is most highly expressed in mast cells26, we performed stable
transfections of HMC-1.1 (human mast cells), which do not express endogenous
MRGPRX213, Stable transfections of Asn62 and 62Ser MRGPRX2 expression were created.
MRGPRX2 expression was validated by flow cytometry. Western blotting of pERK was
performed after 10 and 20 uM of PAMP-12 stimulation, and time-course analysis (0, 0.5,

1 and 5 minutes) was conducted (Figure 4A-B). Maximal pERK (normalized to total ERK
and a/p tubulin) was observed at the 0.5 and 1 minute time points (Figure 4C, Figure

S3). A significant genotype-dependent difference in pERK expression were observed at

1 minute, with the serine demonstrating higher pERK compared to the asparagine allele
(Figure 4C, Figure S3). Taken together, the serine allele is associated with increased
B-arrestin recruitment (Figure 2), decreased IP1 accumulation (Figure 3) and increased
PERK expression (Figure 4) with agonist stimulation, all indicative of substantial genotype-
dependent differences in receptor function.

scRNASeq shows increased expression of the MRGPRX2 activating ligand precursor,
ADM, in active UC in epithelial and activated fibroblasts.

Having established that PAMP-12 (proteolytic cleavage product of ADM) is a more potent
agonist for MRGPRX2 than LL-37, we next sought to confirm expression of MRGPRX2
in inflamed and uninflamed UC tissue by immunohistochemistry (IHC) (Figure 5A). We
observed MRGPRX2 (purple) and tryptase (brown) were expressed in the same cells,
indicating expression of MRGPRX2 in colonic mast cells, many in close apposition to
colonic epithelial crypts.

We next sought to define the cellular sources of ADM that could activate mast cells. We
performed scRNASeq of inflamed and uninflamed UC using 10X Genomics Chromium
platform in four UC patients with active, ongoing inflammation, and evidence for a clear
demarcation between inflamed and uninflamed colon (Table S1: 1D:4-7). Altogether, we
analyzed 34,157 high quality transcriptomes. Clustering of cells was performed jointly using
Seurat318 (Figure 5B). Using 10X Genomics and Seurat318 QC metrics and combining
inflamed and uninflamed colon samples, we identified 26 clusters, including a mast cell
cluster (Figure 5B), characterized by high expression of TPSABI (tryptase alpha/betal),
FCERIA (Fc Fragment Of IgE Receptor la), and K/7 (Kit proto-oncogene, receptor tyrosine
kinase). Despite localization of MRGPRX2 in mast cells by protein expression (Figure

5A), we did not observe its expression by sScRNASeq, reflecting the sparse transcriptome
analyzed. We did observe substantial induction of CPA3 (carboxypeptidase 3) and 7TPSAB1
in inflamed compared to uninflamed colon (Figure 5C). We confirmed the presence of CPA3
positive cells with IHC of healthy and UC (inflamed and uninflamed) colon (Figure S4).

Activated and unactivated fibroblasts were distinguished using markers as we have reported
previously?’, and epithelial cells showing high EPCAM (epithelial cell adhesion molecule)
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were divided between secretory (showing high AGR228(P2)  anterior gradient homolog 2
expression in uninflamed tissues) and primarily non-secretory cells (Figure 5C). Among
fibroblasts, ADM was uniquely expressed by activated cells, and consistent with the

bulk RNASeq data (Figure 1B), was substantially higher in cells taken from inflamed
compared to uninflamed colon. In epithelial cells, ADM expression was restricted to
secretory epithelial clusters. By marked contrast, we did not observe expression of CAMP
(cathelicidin antimicrobial peptide), the gene precursor to LL-37.

Upstream regulator analysis of differentially expressed mast cell genes implicates IFNG-
mediated transcriptional regulation with inflammation.

Comparing inflamed and uninflamed UC tissues, we did not observe an induction of mast
cell numbers, but did observe a substantial number of differentially induced mast cell
transcripts within the inflamed compared to the uninflamed tissues. Genes differentially
expressed by scRNASeq from mast cells taken from inflamed vs. uninflamed tissues are
shown by heat map (Figure 6A, Table S3). Upregulated genes (Figure 6B, red genes)

far out-numbered down-regulated genes (Figure 6B, green genes). Using the Ingenuity
Pathway Analysis software testing for upstream regulators of differential mast cell gene
expression® we observed two highly significant upstream pathways, namely TNF and
IFNG, with gene regulation by these mediators substantially overlapping (Figure 6B; Table
S4). By scRNASeq, these upstream regulators were primarily expressed by T cell subsets
(Figure 6C). Violin plots of IRF1 (a transcription factor), PIM1 (a serine-threonine kinase)
and PSMB8 (proteosome subunit) gene expression in inflamed vs. uninflamed mast cells
from UC colon are summarized in Figure 6D. We next sought to validate gene regulation
of these mast cell activation markers by TNF, IFNG (Fig 6B) and IL-13 (Th2 cytokine
secreted by activated mast cells) by RT-PCR of LAD2 human mast cells. In LAD2 cells,
only IFNG induced IRF1, PIM1 and PSMB8 gene expression by RT-PCR (Figure 6E).
Despite the classic association of mast cells with Th2 disease, our present findings of IFNG-
mediated regulation of mast cell gene expression are consistent with IFNG regulation of
mast cell function in murine models of chronic ashma?®. Taken together, our findings define
a module of activated mast cells, activated fibroblasts and epithelial cells and upstream T
cell activators that together contribute to ongoing inflammation in UC (Figure 7).

Discussion

Differences in regulation of immune and stromal cell activation states between inflamed
and uninflamed regions in UC represents one of its major unsolved mysteries. Patients
with proctitis, left-sided and pancolitis?® have significant differences in clinical outcomes,
with more extensive disease associated with more frequent need for colectomy30. Genetic
factors1® and age3! have been reported to contribute to variable disease extent in UC.

Our prior scRNASeq studies in Crohn’s disease implicated modules of different cell types,
together, as contributing to anti-TNF treatment non-response (GIMATS high: 1gG producing
plasmablasts, inflammatory mononuclear phagocytes, activated T and stromal cells)?’. In
this study, we hypothesized that mast cell activation might play a particularly important
role in defining new mechanisms for UC inflammation, given the recent understanding of
the key role that the MRGPRX2 pathway plays in mast cell activation. UC’s continuous
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distribution, starting with the rectum, with variable proximal extension, is mirrored by ADM
expression (Figure 1B), as well as the pseudo-allergic drug reactions that mrgprb2—/— mice
are protected from8. Our results suggest a novel therapeutic approach of mimicking the
protective serine allele by blocking mast cell degranulation, thereby blocking the positive
feedback inflammatory loop comprised of activated mast cells, fibroblasts, epithelial cells
and upstream T cell activators (Figure 7).

Mast cells promote a wide range of immediate and chronic inflammatory responses. In the
colon, mast cells are found principally in mucosae and connective tissue, generally clustered
at epithelial surfaces (Figure 5A). With specific MRGPRX2 ligand stimulation, there is a
marked induction of carboxypeptidase secretion in the inflamed tissue (Figure 1C). Among
all GPCR protein-altering alleles, we observe the highest association of Asn62Ser (P value =
9.8 x 1074 in MRGPRXZ2in Ashkenazi Jewish, but not non-Jewish, European ancestry UC.
As the population with the highest IBD prevalence, Ashkenazi Jews are characterized by
having the highest polygenic risk32. This observation of a higher effect size for a given allele
in Jews33, has also been observed for the functionally decreased Asn360Asp association
within NOX1 (NADPH oxidase 1)34. In the present study, we have shown that the serine
allele at Asn62Ser in MRGPRX2 protects against UC in Jewish populations and reduces
Gas signaling. We did not observe MRGPRX2 in our sScRNASeq data from UC samples,
but we used the 10X Genomics Chromium panel, which captures only modest fraction of
the transcriptome. By immunohistochemistry, we observe MRGPRX2 and tryptase were
expressed in the same cells, confirming its presence within UC colon, including cells closely
apposed to epithelial crypts (Figure 5A).

We demonstrate using three complementary functional assays (Figures 2—4), the expected
genotype differences between the asparagine and serine alleles at Asn62Ser in MRGPRX2.
While numerous natural ligands have been reported for MRGPRX2, we were struck by

the greater functional effects, including genotype-dependent differences, observed with
PAMP-12 compared to LL-37. The highly significant induction of ADM (Figure 1B) and
CPA3 secretion (Figure 1C) in inflamed compared to uninflamed colonic tissues indicates
that ADM induction and CPAS3 secretion plays a key role in perpetuation of the chronic
inflammatory process in UC. We observed consistent, genotype dependent differences

for both the high affinity, synthetic ligand, (R)-ZINC3573, and a relevant natural ligand,
PAMP-12, for beta-arrestin recruitment and 1P1 accumulation in CHO cells. Specifically,
the minor, serine allele enhances beta-arrestin recruitment and decreases IP1 accumulation,
and can therefore be considered as a loss of function variant with respect to heterotrimeric
Gq signaling. Enhanced beta-arrestin recruitment might also result in enhanced pERK upon
stimulation. We tested this in the HMC-1.1 mast cell line using PAMP-12, and observed
significantly increased phosphorylation with the serine allele after 1 minute of PAMP-12
stimulation.

The role of mast cells has been relatively under-studied in murine models of intestinal
colitis. One recent study implicated an essential role for mast cells in TNBS (2,4,6-
trinitrobenzene sulphonic acid) colitis via the ATP-dependent purinoreceptor, P2X73%. We
did not observe a difference in mast cell numbers between inflamed and uninflamed tissues
by scRNASeq; however, this observation must be tempered by the understanding that
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granulocytic cells, by virtue of their release of proteolytic enzymes, may be destroyed in

the cell isolation and processing procedures. Neutrophils are not well-captured by most
extant SCRNASeq datasets; importantly activated mast cells release histamine that drives
neutrophil recruitment in DSS and oxazolone-induced colitis3. TNF and IFNG have long
been implicated in colitis, T cells represent a major source of their expression (Figure 6C).
Our study advances a model of differential genotype effects within MRGPRX2 and immune
and stromal cell modules of activation in human ulcerative colitis (Figure 7).

The identification of loss-of-function, protective alleles is particularly promising for
therapeutic targeting36, given the generally greater feasibility of blocking, as opposed to
activating, therapeutic target pathways. In this regard, loss-of-function alleles in PCSK$’
and /L23R38 protect against high LDL cholesterol levels and inflammatory bowel disease,
respectively; antibodies blocking PCSK932 and the 1L-2339 pathways are now in use for the
treatment of these two respective traits. Here, we report that Ser62 allele in MRGPRX2
protects against UC and is a relative loss-of-function allele with respect to mast cell
activation. Therefore, blocking MRGPRX2 activation and protease release represents a
promising therapeutic targeting approach. The complex activation and de-activation states
of GPCRs!? indicates that testing specific therapeutic hypotheses for lead compounds or
antibodies developed for MRGPRX2 and UC will require /n vivo studies utilizing the
mrgprb2 knockout, with humanized MRGPRX2 knock-in studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BACKGROUND AND CONTEXT

The role of mast cells in human ulcerative colitis is not well established. G-protein
coupled receptors represent attractive candidate for therapeutic targeting and recent
literature has highlighted a mast-cell predominant GPCR (MRGPRX2) activated
independently of immunoglobulin E.

NEW FINDINGS

Proteolytic precursors of MRGPRX2 activators demonstrate increased expression in
inflamed compared to uninflamed ulcerative colitis. Furthermore, secretion of mast
cell tryptases (e.g. carboxypeptidase) is increased from cells isolated from inflamed
human colitis upon MRGPRX2 activation. Association to a genetic variant that alters
MRGPRX2 functional activity is shown. Specifically, a variant that demonstrates
decreased mast cell activity protects against developing ulcerative colitis.

LIMITATIONS

Additional support for blocking the MRGPRX2 pathway to treat ulcerative colitis will
require murine studies before studies in humans can be considered.

IMPACT

These studies define a very new approach for treating ulcerative colitis that does not
involve decreasing pro-inflammatory cytokine blockade (e.g. anti-TNF agents).
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Figure 1. Mast cell activation in inflamed and uninflamed UC tissues and genetic associations
implicate MRGPRX2 and altered arrestin recruitment.

(A-B) Analysis of 401 UC bulk mRNASeq samples from the Mount Sinai Crohn’s and
Colitis Registry!® (A) Bulk mRNA analysis shows upregulation of mast cell-specific
tryptases, histamine, and carboxypeptidase in non-inflamed and inflamed sigmoid and
rectum, respectively. (B) The carboxypeptidase enzyme-substrate, ADM, is more highly
expressed in inflamed compared to uninflamed UC. The UC non-inflamed sigmoid

and inflamed rectum comparisons reflect paired samples from the same patients. (C)
Carboxypeptidase secretion from immune cells isolated from three, paired inflamed
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and uninflamed UC tissues. MRGPRX2 specific ligand (R)-ZINC3573 stimulation was
performed for 90 minutes, and supernatants were analyzed with CPA3 ELISA. One, two,
and three asterisks correspond to p-values less than 0.05, 0.01, and 0.001, respectively.
(D) Quantile-quantile association plot of protein-altering GPCR alleles from Ashkenazi
Jewish UC patients from an exome chip case-control cohort'8:17, (E) Model for ADM-
CPA3-PAMP12-MRGPRX2 positive feedback inflammatory loop in inflamed colon. (F)
Sequence motifs predicted to alter arrestin recruitment, with the 62Ser allele predicted to
result in a gain of arrestin recruitment.
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Figure 2. Dose-response stimulation with synthetic and natural MRGPRX2 ligands shows that
the serine allele enhances beta-arrestin recruitment compared to the asparagine allele

(A) Ligands and downstream signaling pathways of MRGPRX2. (B-C) pEC50 (B)

and Emax (C) of MRGPRX2 ligands between Asn62 (red) and 62Ser (green)

(D) Electroporation of Asn62 (red), 62Ser (green) MRGPRX2 or empty (blue)

expression vectors with a f-Gal ProLink Peptide Tag was performed into CHO cells
containing PathHunter B-Arrestin containing inactive beta-galactosidase. Beta-galactosidase
luminescence reflects the recruitment of B-arrestin to MRGPRX2. (E) Difference in
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luminescence between serine and asparagine alleles. One, two, three and four asterisks
correspond to p-values less than 0.05, 0.01, 0.001, and 0.0001.
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Figure 3. Dose-response stimulation shows enhancement of MRGPRX2 activation as measured
by IP1 accumulation for the asparagine allele

(A) Stable transfectants of CHO cells were sorted and normalized for equivalent expression
vector expression for Asn62 (red), 62Ser (green) or empty vector (blue). Stimulation of
(R)-ZINC3573, PAMP-12, CSP-1, S-Zinc3573, and LL-37 was performed for 120 minutes
and IP1 concentration was measured through a FRET based assay read on an HTRF plate
reader. (B) Net change in IP1 between alleles. One, two, three and four asterisks correspond
to p-values less than 0.05, 0.01, 0.001 and 0.0001.
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Figure 4. Genotype-differences in pERK expression in mast cells
(A-B) Representative blot of stable transfectants of human mast cells (HMCs) was

performed for Asn62 and 62Ser. Stimulation of PAMP-12 was performed at 10 pM and 20
UM. Cell lysates were collected and pERK expression was quantified through western blot
analysis. Immunoblotting of pERK (A), ERK (B) and loading control a/p tubulin (Figure S3
B-C). (C) Quantification of pERK of Asn62 (red) and 62Ser (green). All pERK expression
levels were normalized to total ERK and a/p Tubulin. n = 3 independent replicates. *, p <
0.05 (Figure S3 D).
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Figure 5. Comparative gene expression in uninflamed and inflamed UC by
immunohistochemistry and scRNAseq

(A) Co-localization of MRGPRX2 (purple) with tryptase (brown) in inflamed and
uninflamed UC colon. Bar = 100 and 20 microns. (B) scRNASeq TSNE plot from four UC
patients having active disease and a clear demarcation separating inflamed and uninflamed
tissues. (C) Violin plots of selected transcripts, including mast cell proteases (CPA3,
TPSAB1) and MRGPRX2 mRNA precursors (ADM, CAMP) of reported endogenous
ligands (PAMP-12, LL-37, respectively).
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Figure 6. Mast cell genes demonstrate primarily induction of gene expression in inflamed UC
tissues, with upstream regulators expressed primarily by T cell clusters.

(A) Heatmap of differentially expressed genes in the mast cell cluster of sScRNAseq. (B)
Circos plot of genes differentially expressed by mast cells between inflamed and uninflamed
UC tissues. Shown are the mast cell genes differentially expressed by scRNASeq and
regulated by the most significant predicted upstream regulators using Ingenuity Pathway
Analysis package, namely TNF and IFNG. Red and green transcripts designate up- and
down-regulated transcripts in inflamed and uninflamed tissues, respectively. (C) Heat-map
of TNF and IFNG ligands in the composite UC scRNASeq dataset. (D) Violin plots of IRF1,
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PIM1, and PSMB8 from scRNASeq mast cell cluster of sScRNAseq comparing inflamed
and uninflamed UC. The expression level is shown as log2 normailized expression. (E)
RT-PCR of IRF1, PIM1 and PSMB8 from LAD2 mast cells treated with TNF, IFNG or
IL-13 treatment for 4 hours. One, two, three and four asterisks correspond to p-values less
than 0.05, 0.01, 0.001 and 0.0001.

Gastroenterology. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al. Page 26

ASNG62 62SER

Intestinal lumen

Inflamed epithelium 7 Inflamed epithelium

~ ~ _ P
—_ o - e & - T 2 =
CPA3 WA CPA3
& ' a
Mast cell ) : Ciaat i
degranulation Activated  Mast cell e
e e Mast cell |
Ay 53 4/
e —
& s
Activated ﬁbroblésts."'-: } ' Activated fibroblasts ~ Lamina propia
- A - L A T T T A A A T T T T T

. . Neutrophil infiltration

Figure 7. Model for MRGPRX2 mediated, genotype-dependent differences in mast cell
activation, contributing to UC inflammation.

T cell derived IFNG modulates mast cell gene expression. Model for ADM production from
inflamed epithelial cells and activated fibroblasts from inflamed regions being proteolyzed
by CPAS3, resulting in a feedback loop of continued mast cell activation.
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