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Abstract

Mast cells (MCs) play a pathobiologic role in type 2 (T2) allergic inflammatory diseases

of the airway, including asthma and chronic rhinosinusitis with nasal polyposis (CRSWNP).
Distinct MC subsets infiltrate the airway mucosa in T2 disease, including subepithelial MCs
expressing the proteases tryptase and chymase (MC+¢) and epithelial MCs expressing tryptase
without chymase (MC+). However, mechanisms underlying MC expansion and the transcriptional
programs underlying their heterogeneity are poorly understood. Here we use flow cytometry and
single-cell RNA-sequencing (scRNA-seq) to conduct a comprehensive analysis of human MC
hyperplasia in CRSWNP, a T2 cytokine-mediated inflammatory disease. We link discrete cell
surface phenotypes to the distinct transcriptomes of CRSWNP MC+ and MCr¢, which represent
polarized ends of a transcriptional gradient of nasal polyp MCs. We discover a subepithelial
population of CD38MINCD117Mh MCs that is markedly expanded during T2 inflammation.
These CD38MINCD117high MCs exhibit an intermediate phenotype relative to the expanded MCt
and MCrc subsets. CD38MINCD117M9h MCs are distinct from circulating MC progenitors and
are enriched for proliferation, which is markedly increased in CRSWNP patients with aspirin-
exacerbated respiratory disease (AERD), a severe disease subset characterized by increased MC
burden and elevated MC activation. We observe that MCs expressing a polyp MC+-like effector
program are also found within the lung during fibrotic diseases and asthma, and further identify
marked differences between MC+¢ in nasal polyps and skin. These results indicate that MCs
display distinct inflammation-associated effector programs and suggest /7 situ MC proliferation is
a major component of MC hyperplasia in human T2 inflammation.

Keywords
Mast cell; type 2 inflammation; human immunology; nasal polyposis; SCRNA-seq

Introduction

Mast cells (MCs) are found in all barrier tissue sites under homeostatic conditions, where
they are critical for host defense against helminths, viruses, bacteria, and xenobiotic venoms
(1). MC expansion occurs across a spectrum of diseases associated with type 2 (T2)
inflammation, including asthma, food allergy, eosinophilic esophagitis (EoE), and atopic
dermatitis. MCs participate in T2 inflammatory disease progression and severity through
eicosanoid biosynthesis, cytokine production, and the release of pre-formed mediators,
including histamine and proteases (1-3). Pharmacologic inhibition of the MC survival
receptor CD117 using imatinib reduces airway hyperresponsiveness in subjects with
refractory asthma but only modestly decreases lung MC burden (2). Thus, developing a
better mechanistic understanding of MC hyperplasia in human diseases may enable more
directed and effective approaches for targeting MC-dependent pathobiology.

Two major human MC subtypes distinguished by tissue microlocalization and histologically-
defined protease expression patterns have been recognized within barrier tissues.
Subepithelial MCs co-express the proteases tryptase and chymase (MCtc) in conjunction
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with cathepsin G and carboxypeptidase A3 (CPA3). Mucosal epithelial MCs express
tryptase but lack chymase, cathepsin G and CPA3 (MC+) (4, 5). Rodent studies demonstrate
that subepithelial compartments are seeded by fetal-derived B7 integrin (1tgp7)-expressing
MC progenitors (MCp) that maintain the MC populations in these locations through
adulthood (6, 7). In contrast, mucosal epithelial MCs arise from adult bone marrow-
derived ItgB7-expressing MCp (8-10). Both the fetal- and adult bone marrow-derived
murine MC compartments are strongly influenced by local microenvironments, with fetal-
derived MCs expressing tissue-specific transcriptional programs (11) and both MC classes
exhibiting tissue-dependent protease expression profiles (12). While a committed human
MCp expressing CD34 and Itgp7 exists in adult peripheral blood (13) and fetal cord blood
(14), how mature human tissue MCs are maintained and the degree to which human MCs
exhibit tissue-specific phenotypes are unknown.

T2 inflammatory airway disease markedly changes the number, distribution, phenotype, and
likely the functional characteristics of MCs. Mild to moderate asthma, EoE, and chronic
rhinosinusitis (CRS) with nasal polyps (CRSWNP) all involve expansion of an intraepithelial
MC+ population expressing CPA3, suggesting a common paradigm underlying human
mucosal T2 inflammation and a broader “Inflammatory MC+” effector program (15-18). In
asthma, the concentrations of these inflammatory MC+ correlate with epithelial T2-induced
gene signatures and therapeutic responses to inhaled glucocorticoids, while in EoE these
inflammatory MC+ exhibit degranulation during active disease (15, 18). The airway smooth
muscle of severe asthmatics is additionally infiltrated by MC+c, where their concentration
correlates with disease severity and airway hyper-responsiveness (16, 19, 20). MC+y¢

also expand in subepithelial glandular tissue in CRSwWNP (17). Although the differential
effector programs of these MC phenotypes are largely unknown, MCs harvested from polyp
epithelium have decreased sensitivity to IgE-mediated activation relative to those from

the subepithelium (21), indicating broader functional differences accompanying protease
phenotypes. Although the expanded nasal polyp MC pool likely shares key features with that
observed across human mucosal T2 inflammation, the determinants of this MC expansion
and phenotypic alterations remain largely unknown.

We recently used single-cell RNA-sequencing (scRNA-seq) to deconstruct inflammatory
circuits across epithelial, stromal, and immune cells in nasal polyposis, identifying MCs as
a source of both T2 inflammatory cytokines (/L5, /L13), and lipid mediator biosynthetic
enzymes (ALOX5, ALOX5AP, HPGDS) (22). Here, we utilize directed sScCRNA-seq,
CITE-seq, and flow cytometry to comprehensively characterize human MC phenotypes

and hyperplasia within sinonasal tissues from CRS patients with differing degrees of
disease severity. Through this approach, we identify distinct cell surface phenotypes and
respiratory inflammation-linked transcript expression patterns associated with a nasal polyp
intraepithelial MC+ program also found in inflamed lung and subepithelial MC+cs highly
distinct from those found in the sking,

Our scRNA-seq results further suggest that these divergent polyp MCt (CD38N9hCD117/ow)
and MCrc (CD38!°vCD117M9") phenotypes represent two polarized states along a gradient
of MC transcript and protein expression, linked by a CD38MI"CD117M9" intermediate

MC. These CD38MNINCD117hig" MCs, present at low concentration in control tissue from
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CRS patients without nasal polyps (CRSsNP), are substantially expanded in CRSWNP
tissue. This expansion is associated with local proliferation, a process that is significantly
increased in tissue from patients with aspirin-exacerbated respiratory disease (AERD), a
severe CRSWNP disease variant associated with asthma, rapid nasal polyp growth and
high concentrations of MC activation products in biological fluids (23). Thus, our findings
identify T2I-associated MCt and MC+¢ phenotypes, characterize an intermediate tissue-
resident CD38M9" CD117high MC transcriptionally linked to both archetypal MC subsets
present in polyposis, and suggest MC hyperplasia found in this T2 disease arises in part
from local MC proliferation.

Characterization of the expanded MC population in T2 inflammation.

Consistent with prior studies (24), flow cytometric analysis demonstrated a prominent
population of CD45%lin(CD3, CD19, CD11b CD11c) FceR1a*CD117* MCs in human
nasal polyps that was expanded relative to control tissue from patients with CRSsNP
(Fig. 1A). Because patients with nasal polyposis included both aspirin-tolerant subjects
and patients with AERD, we further assessed MC concentration between these clinical
phenotypes. We noted a significant increase in MC concentration as both percentage of
CD45* and percentage of all live cells in AERD versus CRSWNP and in both polyp
populations relative to CRSsNP (Fig. 1B). Thus, MC expansion occurred proportionately
to disease severity.

Nasal polyp MCs exhibited more heterogeneous CD117 expression and side angle

light scatter (SSC) than CRSsNP MCs (Fig. 1C), suggesting the presence of one or

more additional MC subsets in CRSwWNP. Upon fractionating superficial epithelium to
analyze intraepithelial MCs, we noted these MCs were CD117!9%WSSC!oW in contrast to
unfractionated polyp (Fig. 1D). Based on this observation, we created a flow cytometric
gating scheme to distinguish CD117!9%SSClow MCs from CD117"9h MCs (Fig. 1E) and
confirmed a highly significant epithelial enrichment for CD117/°WSSCloW MCs, indicating
that CD117M9" MCs were predominantly subepithelial (Fig. 1F). Epithelial MCs expressed
significantly lower FceR1a than subepithelial MCs (Fig. 1G) and lacked both CCR3

and HLA-DRA despite detection of both proteins in CD45" CD117- cells, indicating

no basophils or dendritic cell (DC) contamination (Fig. SLC—F). Additionally, no clear
population expressing the stem cell lineage marker CD34 was detected within the polyp MC
pool (Fig. S1G).

We next sorted CD117/%W SSCIoW epithelial and CD117M9" subepithelial MCs

for microscopy characterization. MCs within the epithelial-enriched gate contained
metachromatic granules (Fig. 1H, left) and expressed tryptase with a granular staining
pattern (Fig. 1H, right, channel series shown in Fig. S2A), indicating a mature MCy
phenotype. MCs within the subepithelial gate contained a mix of large cells with dense
metachromatic granules and smaller less granulated cells with an immature morphology
(Fig. 11, left), suggesting that the range of SSC observed within this gate reflected granular
heterogeneity (Fig. 1G). Protease immunostaining indicated that the subepithelial MC pool
contained cells co-expressing tryptase and chymase, indicating a MC+¢ phenotype, as well
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as MCs exhibiting diffuse tryptase staining without chymase (Fig. 11, right, channel series
shown in Fig. S2B). Consistent with previous studies(17), immunohistologic assessment
confirmed that chymase expressing cells were largely restricted to polyp subepithelium (Fig.
S2C-D). Thus, MCs within the epithelial gate were MC+ characterized by reduced FceR1la
and CD117 expression, while subepithelial polyp MCs, exhibiting increased FceR1a and
CD117, were a mix of MCt¢ and morphologically immature MCs.

Given the presence of immature-appearing MCs, we next assessed whether Itgg7*CD34*
human MCps might participate in polyp MC hyperplasia (13). A subset of SSC!°% MCs
expressing ItgB7 (ItgB7"9") was observed within both the epithelial and subepithelial gates
(Fig. 2A). Polyp ItgB7M3" MCs exhibited diffuse tryptase staining and, in contrast to the
previously described circulating MCp, contained distinct metachromatic granules (Fig. 2B).
ItgB7M9h MCs were virtually absent in CRSsNP tissue (Fig. 2C) and present in similar
concentrations in CRSWNP and AERD relative to total MCs (Fig. 2D). Unlike circulating
MCp, ItgB7M9" MCs were CD34" (Fig. 2E). ItgB7 pairs with the integrins o E and a4,
forming either a ER7, recognizing the epithelial adhesion molecule E-cadherin, or a4p7,
recognizing VCAM and MadCAM (25, 26). While circulating ItgB7M3" MCp expressed
only a4, a substantial subset of polyp ItgB7M3" MCs co-expressed a.E (Fig. 2F). These
aEN9" MCs were mostly in the epithelial-enriched CD117'%" gate, whereas Itgp7"9" cells
lacking o.E were not significantly enriched in either compartment (Fig. 2G). Thus, ltgg7"igh
polyp MCs are a heterogeneous population distinguished from circulating MCp by lack

of CD34 expression, increased granulation, and expression of aE integrin, together likely
reflecting maturation in response to the tissue microenvironment. As aEB7 binds epithelial-
associated E-cadherin (25), its expression could promote accumulation or retention in the
epithelial compartment.

scRNA-seq identification of MC polarization and proliferation.

To further explore polyp MC heterogeneity, we conducted scRNA-seq using the Seg-Well
platform on MCs flow sorted from 6 polyp donors (27) (Fig. 3A). We derived a unified
cell-by-gene matrix for all cells passing quality control thresholds (n=7,355 cells) and
identified 10 cell clusters following dimensionality reduction and unsupervised clustering
(Fig. S3A, methods). Contaminating populations were identified by comparison to a series
of cell identity transcriptional signatures developed in our prior scRNA-seq study of nasal
polyposis (22), including small populations of fibroblasts and epithelial cells, DCs, B/plasma
cells, and a population of plasmacytoid DCs (pDC) not resolved in our previous study (Fig.
S3B-E, Supplementary Table 2-3). All clusters were observed in CRSWNP and AERD and
in all patients aside from one lacking pDCs (Fig. S3F). The consistent presence of these
contaminating cells within the sorted MC pool from 6 donors indicates the necessity of
including additional markers to identify human MCs under conditions where contaminating
populations cannot be computationally removed, such as bulk RNA-seq or functional assays.
The four remaining clusters, designated MC1-4 (Fig. 3B), all strongly expressed the MC
proteases tryptase (7PSABI) and CPA3 (CPAJ3) and similar levels of transcripts encoding
the histamine biosynthetic enzyme histidine decarboxylase (HDC) and the lipid mediator
biosynthetic enzymes prostaglandin D, synthase (HPGDS), 5-lipoxygenase (ALOX5), and
5-lipoxygenase activating protein (AL OX5AP) (Fig. 3C). The MC1-MC3 clusters further
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showed similar expression of a set of core transcripts highly enriched in nasal polyp MCs
(22), including the MC granule core protein serglycin (SRGN) and the transcription factor
GATA2 (GATA2) (Fig. 3D, top). Together, these observations indicated that MCs within the
polyp environment share a core effector program enabling the generation of proteases, lipid
mediators, and histamine.

Differential gene expression analysis between the four identified MC clusters indicated
MC1-enriched expression of chymase (CMAZ) and cathepsin G (C7SG) (Fig. 3D),
consistent with subepithelial MC+¢ (Fig. 11, Fig. S2). The MC2 cluster lacked enriched
genes, while the MC3 cluster expressed minimal CMAZ and C7SG and reduced levels

of transcripts encoding both CD117 (K/7) and the high-affinity IgE receptor FceR1a
(FCER1A) compared with the MC1 cluster, consistent with epithelial MC+ (Fig. 3D, Fig.
1H). The MC3 cluster was additionally enriched for /L17RB, encoding the receptor for the
epithelial-associated cytokine IL25, and GPR183, encoding the chemotactic receptor EBI2
(28, 29). Immunofluorescence confirmed co-localization of tryptase and EBI2 within the
epithelium, although not all MCs within the epithelium expressed detectable EBI2 (Fig.
S4). Unexpectedly, the MC4 cluster expressed transcripts involved in proliferation and DNA
replication, including 7OP2A (encoding DNA Topoisomerase 11A) and MK/67 (encoding
the cell cycle phase-associated protein K167) (Fig. 3D, Supplementary Table 4).

We further observed that the transcriptional signatures associated with MC1 and MC3
(Supplementary Table 4) were expressed along gradients (Fig. 3E). These cluster-defining
signatures exhibited negative correlation on a per-cell basis, with the MC2 cluster expressing
low levels of each, suggesting an intermediate state (Fig. 3F, top). Cells within the
proliferative cluster showed a range of MC1 and MC3 signature expression similar to that
seen in the MC2 cluster, and the MC1 and MC3 signatures were again negatively correlated
on a per cell basis (Fig. 3F, bottom). This suggested that the polyp MCt¢ (MC1) and MC+
(MC3) transcriptional programs represented polarization states layered on a common shared
transcriptome and that the proliferative population (MC4) shared transcriptional overlap with
unpolarized MCs (MC2).

To better understand the transcriptional differences between the two polarized MC

states, we directly compared the MC1 (MCy¢) cluster to the MC3(MCr) cluster. These
populations exhibited differential expression of 282 transcripts (Wilcoxon, p,j<0.05) (Fig.
3G, Supplementary Table 4). The MC1 (MC+¢) cluster showed enhanced expression of
chemokines (CCL2, CCL3, CCL4, CKLF), myeloid cell growth factors (CSF1, CSF2), the
cytokine /L13and the lipid mediator biosynthetic enzyme P7TGS2 (Fig. 3H), suggesting
they are poised to coordinate pro-inflammatory responses through several mechanisms.
Although all MC clusters expressed transcript encoding the protease CPA3 (Fig. 3C), this
was notably enriched within MC3 (MCy) cluster (Fig. 3G). MC3 additionally showed
enhanced expression of 7A/FSF10, encoding TRAIL, which positively regulates airway
inflammation and remodeling in murine models of asthma (30, 31), FGLZ, which shifts
DC and T cell interactions towards Th2 polarization (32) (Fig. 3H), and //17RB (Fig. 3G),
suggesting the potential for this population to modulate T2-driven responses within the
epithelium and respond to epithelial-derived IL-25.
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Previous studies have indicated that epithelial-derived factors inhibit IgE-dependent MC
activation (33, 34). Accordingly, the MC+ cluster showed reduced expression of components
of the FceR1 complex (FCER1A, MS4AZ, FCERIG) and the downstream regulator BTK
(Fig. 31). In contrast, no significant difference was observed for expression of the IL-33
receptor /LIRL1 (Supplementary Table 4). To test if activation states of polyp MCy¢

and MCq differed more broadly, we constructed MC activation transcriptional signatures
based on existing microarray datasets evaluating murine bone marrow-derived MC activation
(35) (Supplementary Table 2). We found that MC1 (MC+¢) expressed the highest levels

of transcript signatures specific to IgE-mediated activation, specific to 1L-33-mediated
activation, and commonly upregulated by both signals, while the MC3 (MCy) exhibited
decreased expression and MC2 expressed intermediate levels (Mann-Whitney, p<1x10~11
for all comparisons) (Fig. 3J). Thus, polyp MC+ are activated at baseline, reflected in their
increased cytokine and chemokine expression, and the intermediate MC2 exhibit activation
despite a lack of polarization.

Identification of a distinct MCt phenotype associated with respiratory tract inflammation.

Several genes identified as part of the MCr transcriptome, including GPR183, IL17RB

and CD38, were not previously associated with human MCs. To determine whether this
phenotype was restricted to nasal polyposis or associated with broader inflammatory
conditions, we evaluated three lung scRNA-seq datasets from patients with fibrosis included
within the idiopathic pulmonary fibrosis (IPF) cell atlas (36). These datasets included
analyses of IPF and interstitial lung disease (ILD) versus healthy control (37), IPF and
chronic obstructive pulmonary disease (COPD) versus healthy control (38), and IPF

versus healthy control (39). Notably, prior studies have found increased expression of
transcripts encoding the T2 cytokine signaling pathway and the MC protease CPA3in

IPF (40). Independent analysis of each of the three datasets identified a prominent 7PSABI-
expressing MC cluster (Fig. S5). MCs from each dataset were separately reclustered, and
substantial disease-associated MC heterogeneity was noted within each (Fig. 4A-C, left
panels, supplementary table 5). We observed a cluster of MCs within each dataset exhibiting
significant enrichment for CD38, GPR183, IL17RB (Fig. 4 A-C center panels, polygon
gate), and further noted MCs co-expressing the proliferation-associated genes MK/67and
TOPZA in two of the three datasets (Fig. 4 A—C center panels, circle gate). Across each
dataset, the CD38M9" populations consisted predominantly of MCs from IPF or ILD (Fig. 4
A-C, left panels). We further identified a MC cluster significantly enriched for both CD38
and CPA3 (Fig. S6A, cluster outlined in black) in a re-analysis of a prior SCRNA-seq study
of lung biopsy samples from asthmatic vs controls (41), in which /L17RBand GPR183
expression could also be observed, although neither reached statistical significance (Fig.
S6B, Supplementary Table 5). A comparison of genes significantly enriched within the
CD38Nigh clusters across the three fibrosis datasets identified substantial transcriptional
overlap, with 18 transcripts enriched in all three datasets, including CPA3, and 85 transcripts
enriched within the CD38M9" cluster in at least two of the three datasets (Table 1; Wilcoxon,
p < 0.05). Notably, these transcripts overlapped with transcripts enhanced in both polyp
MC+ (19 transcripts) and the CD38&-enriched asthma-associated cluster (38 transcripts),
indicating a common inflammation-associated transcriptional program.
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Expression of /L17RBby MCs in the lungs of patients with fibrosis and asthma and
CRSwWNP polyps suggested this transcript was regulated by disease-associated signals.
Mouse studies have identified a central role for IL-4 in intraepithelial MC expansion

(42, 43), and a re-analysis of our prior nasal polyposis SCRNA-seq dataset indicated a
significant correlation between polyp MC concentration and epithelial expression of an 1L-4/
IL-13-driven cytokine signature (22) (Fig. 4D). Notably, /L4 expression in nasal polyposis
was restricted to Th2A cells, while /L13was expressed by both Th2A cells and MCs (22).
Further, re-analysis of ScRNA-seq data from a single CRSWNP donor evaluated before
and after six weeks of treatment with dupilumab, a monoclonal antibody directed against
the 1L-4 receptor, revealed markedly reduced /L17RB expression within the MC cluster
compared with pre-treatment baseline but no change in expression of the MC+-associated
transcript GPR183 (Figure S7). Thus, we hypothesized that 1L-4 directly influenced polyp
MCrs.

To evaluate IL-4 regulation of the polyp MCy transcriptome, human cord blood-derived
MCs (CBMC) were stimulated with IL-4 or vehicle for 96 hours and then analyzed via
RNA-seq. IL-4 exerted a profound impact on the CBMC transcriptome (Supplementary
table 6). Among the upregulated genes were 30 of 102 polyp MC+t-enriched transcripts,
including /L17RBand CD38but not GPR183 (Fig. 4E, Supplementary table 6). Notably,
IL-4 conditioning also downregulated 37 of 180 MC+c-enriched transcripts, including
CT75G and K/T (Fig. 4F). The capacity for IL-4 to upregulate /L17RB was further confirmed
through gPCR analysis (Fig. 4G). However, IL-4 stimulus also upregulated FceR1 signaling
components (Supplementary table 6) that were downregulated in polyp MCy (Fig. 31),
suggesting other signals additionally regulate the MC+ transcriptome. Thus, our findings
identified a distinct phenotype of MC+ associated with respiratory inflammation and
identified the potential for 1L-4 signaling to regulate this phenotype.

Recognition of significant MCt¢ heterogeneity across tissues.

While chymase-expressing MCs found in mucosal tissues during inflammation are termed
MCr+c, the relatedness of these cells to constitutive MC+¢ populations present in peripheral
tissues such as the skin has not been addressed. Thus, we compared nasal polyp MCs

to dermal MCs derived from a scRNA-seq study of healthy and diseased human skin
biopsies from patients with psoriasis, alopecia, acne, leprosy, and granuloma annulare (44).
Polyp MC1 (MCt¢) and dermal MCs, canonically exhibiting an MC+t¢ phenotype (5), both
showed enhanced expression of CMA relative to polyp MC1 (MCy), as well as a shared
subset of receptors (K/7, PLAUR, ICAMI) and mediators (L/F, CSFI) (Fig. 5A). However,
dermal MC+ lacked expression of other transcripts strongly expressed in polyp MCs

and vice versa. Polyp MC1 (MCy¢) were enriched in expression of chemokines (CCL?Z,
CCL3, CCL4) and FceR1a signaling pathway transcripts (FCER1A, MS4A2, BTK) relative
to dermal MCs, but lacked expression of genes encoding the activating GPCRs CD88
(C5ARI) and MRGPRX2 (MRGPRX2), previously described as markers for MCt¢ in the
skin and lung (45, 46). Supporting this observation, we found strong surface expression of
MRGPRX2 on skin-derived MCs, but little to no expression on polyp MCs (Fig. 5B). To
determine if the absence of these receptors reflected the polyp inflammatory environment
a broader paradigm of MC+¢ heterogeneity, we conducted an independent analysis of an
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existing SCRNA-seq dataset containing distal (alveolar), medial and proximal (large bronchi)
fractions of healthy lung developed by Travaglini et al (47). Following normalization, we
identified a prominent 7PSABI-expressing MC cluster (Fig. 5C). Despite the presence of
similar numbers of MCs expressing CMAZ and C75G in the distal and proximal lung,
MRGPRXZ2 expression could only be detected in the large airway (Fig. 5D). Although not
reaching statistical significance, this observation suggests that MC+¢ exhibit heterogeneity
even within a single tissue. C5AR1, encoding CD88, was only weakly detected in either
lung compartment. These findings indicate considerable differences in the transcriptome
of chymase-expressing MCs across tissues and inflammatory milieus, and further highlight
the activated state of polyp MCs and their likely pathogenic contributions. Moreover, the
findings further illustrate the vast extent of MC heterogeneity that is not reflected by
conventional histochemical criteria.

Identification of CD117 and CD38 cell surface expression patterns defining polyp MC

phenotypes.

Among the transcripts enriched in MC3 (MCq) relative to MC1 (MC+¢) clusters was

CD38 (Fig. 3G), suggesting a candidate cell surface marker that might further distinguish
polyp MC subsets_ Cell surface staining indicated virtually all CD117'°W epithelial MCrs
exhibited high CD38 expression (Fig. 6A-B; red gate). Unexpectedly, CD38 expression also
divided the heterogeneous CD117M9" subepithelial MC pool (Fig. 1C) into CD38highssclow
MCs (orange) and CD38"e9 MCs with a range of SSC (blue). ItgB7"9" polyp MCs

notably expressed CD38 (Fig. 6C). A subset of cells lacking both CD117 and CD38

(Fig. 6A) were likely the source of contaminants observed through scRNA-seq (Fig. S3).
CD38highcp117high subepithelial MCs were also detected in CRSsNP tissue, however their
relative abundance was significantly reduced when compared to CRSWNP and AERD
polyps (Fig. 6D-E). No significant differences were observed in MC subset composition
between CRSWNP and AERD. Thus, CD38 marks polyp epithelial MC+ and Itgp7-
expressing MC, as well as a CD117"9" subepithelial MC subset significantly expanded

in nasal polyps.

Enriched CD38 expression in CD117'°% MCs (Fig. 6A), and reduced CD38in MC1
relative to MC3 (Fig. 3G), suggested that CD117MINCD38!W subepithelial MCs were
mature MCrc. Flow cytometry confirmed that CD117'°W intraepithelial MCs (red) lacked
chymase expression (Fig. 6F), consistent with immunofluorescent staining (Fig. 1H),
whereas subepithelial CD117M9I"CD38!°W MCs (blue) were uniformly positive for chymase,
indicating a MCr¢ phenotype (Fig. 6F-G). The CD38MINCD117M9" MC gate included
both chymase positive and negative cells (Fig. 6F). Similarly, staining with avidin, a
reagent that binds to heparin sulfate (48) and specifically identifies human MC+¢ (49),

was highest in subepithelial CD117M9"CD38!°W MC+¢ (blue), lowest in CD117/°wCD3ghigh
(red) epithelial MC+ and intermediate in CD117M9"CD38Mah MCs (yellow) (Fig. 6H-1).
Thus, through surface marker expression and intracellular protease and heparin staining,

we could identify mature intraepithelial MCt (CD117'°%CD38M9h: red) and subepithelial
MCrc (CD117M9hCD38!oW: blue) and further identify a subepithelial population with

an intermediate phenotype (CD117M39"CD38Mdh; yellow), suggestive of the MC2 subset
identified through scRNA-seq.
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Evaluation of in situ proliferation within human polyp MCs.

To integrate our transcriptional analysis with these flow cytometrically-defined MC subsets,
we used CITE-seq (50) to simultaneously assesses RNA and surface protein expression
on flow-sorted polyp MCs, using oligo-tagged antibodies directed against CD117, CD38
and Itgp7 (Fig. 7A). Clustering again identified the same four MC populations (Fig. 7B,
Supplementary Table 4), indicating that MCt¢ (MC1) exhibited high surface CD117 and
low surface CD38 while MC+ (MC3) exhibited low surface CD117 and high surface
CD38 (Fig. 7C). We further observed that the MC2 cluster exhibited intermediate surface
CD117 and CD38 levels, confirming its identity as the flow cytometrically-defined
CD38MghcD117M9h population, and that the proliferating MC4 seen similarly exhibited
elevated CD38 and CD117 levels. Surface ItgB7 was predominantly observed in the MC3
cluster (Fig. 7D), in agreement with the previously observed epithelial enrichemnt of
ItgaE*B7* MCs (Fig. 2G), but scattered Itgp7 expression was also observed across all
clusters. A direct comparison of ItgB7M9" and Itgp7'°" MCs within each cluster indicated
little to no impact of ItgB7 expression on the MC transcriptome (Fig. S8).

Our CITE-seq observations suggested that the majority of proliferating MCs would

be CD117highcD38Nigh subepithelial MCs. Nuclear K167 staining identified a distinct
population of proliferating MCs (Fig. 7E), and while proliferation was observed across

all three compartments, the majority of Ki67+ cells were CD117M9hCD38M9" subepithelial
MCs (Fig. 7F). Combined with the detection of both MC+ and MCrc-associated transcript
signatures within the proliferating clusters detected through scRNA-seq (Fig. 3F), these
findings suggest that the MC hyperplasia characteristic of human nasal polyposis is driven in
part by in situ MC proliferation. Consistent with this hypothesis, we observed a significant
increase in MC proliferation in the polyps of AERD patients relative to MC from CRSwWNP
donors (Fig. 7G), corresponding to the differences in polyp MC concentration between
these two patient groups (Fig. 1B). We further noted a significant correlation between

MC proliferation and peripheral blood eosinophilia across all polyp patients (Fig. 7H),
indicating a link between MC proliferation and overall disease severity. Coupled with

the previous observation that progenitor-like 1tgp7-expressing MC were present at similar
concentrations in AERD and CRSwWNP (Fig. 2D), our findings suggest an important role for
local proliferation in MC hyperplasia during T2 airway inflammation.

Discussion

Our study provides a transcriptomic and flow cytometric characterization of MC hyperplasia
during human airway inflammation, identifying proliferation as a driver of T2-associated
non-neoplastic MC airway hyperplasia. We also observe that MC sensing and effector
programs are closely linked to tissue microenvironments. The MCt and MC+¢ phenotypes
in CRSwWNP tissue display substantial cell surface differences and predominate in epithelial
and subepithelial regions, respectively. Despite shared expression of a core transcriptome,
they inhabit opposite poles of a transcriptional gradient, implying distinct functions for each.
The CRSWNP MCy program, distinguished by expression of CD38, /IL17RB and GPR183,
is also observed within the lungs of IPF, ILD, and asthma patients. These MC+ further
express elevated CPAS3, suggesting a link to the CPA3* MC+s previously reported in the
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bronchial epithelium of asthmatics and esophagus of EoE patients (15-18). The CRSWNP
MC+¢ program, enriched for proinflammatory cytokines and chemokines, differs from
classical skin and noninflamed lung MC+cs by its lack of the MCy¢c markers MRGPRX2
and CD88 (C5ARYI) (45, 51, 52). Both MC+ and MC+¢ populations expand markedly in
CRSwNP tissue, and even more so in AERD tissue, relative to CRSSNP controls. Based

on these observations, we propose that these expanded mucosal T2-inflammation-associated
MC subsets be reclassified as airway inflammatory MCt and MCy¢ (iMCt and iMCr¢),
respectively, distinguishing them from their counterparts in non-mucosal tissues and tissues
with less T2 inflammation (Fig. S9).

The stark transcriptional differences between iMCt and iMC+¢ imply both distinct functions
and distinct patterns of imprinting by tissue-associated factors. Both iMCy¢ and transitional
MC clusters display enrichment for FceRI- and IL-33-inducible transcripts characterized by
chemokines (CCL2, CCL3, CCL4), cytokines (/L13), growth factors (CSF1, CSF2), and
PTGS2, (encoding cyclooxygenase-2, required for PGD, generation). Thus, subepithelial
MCs may respond to both innate (IL-33) and adaptive (IgE) immune pathways to provide
mediators driving recruitment and activation of blood-born effector cells and conditioning
the surrounding stroma. Although iMC+ display lower levels of activation-associated
transcripts, they uniquely express /L17RB, the receptor for the epithelial-derived T2
cytokine IL-25. Notably, /L17RB s also expressed by MCs in the lungs of IPF, ILD, and
asthma patients, indicating it is part of a disease-associated human respiratory intraepithelial
MC transcriptional program. Treatment of primary cord blood MCs with IL-4, a T2 cytokine
required for murine intraepithelial MC hyperplasia during helminth infection and food
allergy (42, 43), induces /L17RB expression along with other iMC+ transcripts. While IL4
did not upregulate proliferation-associated transcripts in cord blood MCs, prior studies have
shown that IL4 markedly amplifies SCF-dependent proliferation in human primary MCs
from the intestine and peripheral blood(53, 54). The finding that treatment with the IL-4Ra
blocking antibody dupilumab, highly efficacious for CRSWNP(55), sharply reduces /L17RB
expression by the MC cluster further supports the concept that IL-4 contributes substantially
to iMC+ hyperplasia and function. Epithelial signatures of I1L4/13 signaling correlated with
MC concentration in our prior study of nasal polyposis (22), and this signature is also
notably elevated in the lungs of asthmatics (41). Fibrosis patients similarly exhibit enhanced
T2 cytokine pathway activation (40). Ultimately, an analysis of whether therapeutic
interventions for polyposis and asthma, including monoclonal antibody blockade of IL-4/13
(56, 57), and CD117 inhibition (2) alter MC proliferation and transcriptional activity will
allow definitive identification of tissue drivers of MC hyperplasia and differentiation.

MCs are thought to arise from rare agranular circulating CD34*Itgp7* precursors (13).
Although ItgB7M3" MCs were enriched in both aspirin tolerant CRSWNP and AERD

tissue compared with controls, these cells were CD34-, contained cytoplasmic granules and
expressed tryptase, suggesting maturation. Although predominantly intraepithelial, 1tgB7"igh
MCs could be found within all populations and were transcriptionally indistinguishable from
ItgB7- MCs within the same clusters. Thus, a portion of the MC population within nasal
polyps, particularly iMC+, may arise directly from recruited MCp. Two additional clusters
within the polyp MC pool were not expected based on prior histologic studies: one lacking
signature transcripts, and one undergoing proliferation. Both clusters expressed low levels of
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iMCt and iMC+¢ signature transcripts, suggesting they were developmentally intermediate
between the two polarized populations. CITE-seq analysis linked these “intermediate”

MCs to the prominent expanded CD117M9hcD38Mgh MC pool, which by flow cytometry
displayed variable chymase expression and avidin binding. CD117MCD38" MCs accounted
for 40-60% of CRSWNP tissue MCs, were present (although reduced) in CRSsNP controls,
and were enriched for proliferation. Moreover, Ki67* MCs were substantially elevated in
AERD and correlated with blood eosinophilia, a marker of T2 cytokine production (58). It
is thus likely that MC hyperplasia results from a combination of Itgp7"9" MCp recruitment
and /n situ MC proliferation, with the contributions from the latter being magnified in

more severe disease. The combination of polarization and proliferation suggests a similar
paradigm to that observed with monocytes, which have innate effector capacity, mature

and take on distinct effector programs in response to local inflammatory signals, and are
maintained within tissue through local IL-4 driven proliferation (59, 60).

Although our transcriptomic analysis strongly suggests the intermediate CD117NCD3gh
MCs contributes to both iMC+ and iMC+¢ hyperplasia, future studies will be required

to determine if these cells are indeed capable of polarizing towards both observed MC
effector phenotypes. Furthermore, although CD117MCD38" MCs express similar levels of
lipid mediator biosynthetic enzymes as iMCt and iMCr¢, we were unable to directly assess
their ability to generate inflammatory mediators. As a previous transcriptomic analysis of
human circulating MCp indicated that even agranular progenitors were enriched for HGPDS
expression(13), it will be important to understand whether this means that MC lineage cells
are capable of producing lipid mediators at all phases of development or if, instead, the
enzymes themselves are only translated following maturation. It is also unclear what role

the three primary transcripts found to associate with the iMC+ across disease states, CD38,
GPR183and /L17RB, may play in MC biology. EBI2, encoded by GPR183, has been shown
to participate in B cell and DC localization within tissues(28, 29, 61), suggesting a similar
role in MCs. While it is less clear what effects CD38 and IL17RB may have on iMC+
biology, the identification of I1L-4 as a signal capable of upregulating both receptors /n vitro
provides critical insight for future studies exploring their roles.

In summary, through transcriptional and flow cytometric characterization of MC hyperplasia
in T2 airway inflammation we identify transcriptionally and phenotypically distinct MC
subsets that potentially emerge from a novel, proliferative intermediate MC subtype.
The polarized MC subtypes emerging from the intermediate subtype assume distinct
transcriptional and morphologic characteristics based on their tissue microenvironment.
The expansion of the intermediate subtype may be a critical determinant of disease
severity, in turn reflecting perturbations in the surrounding stroma, mitogenic cytokines
and inflammatory mediators that likely exert a substantial additional influence on the
MCs within each tissue microenvironment. Uncovering the drivers of this proliferative
response and the tissue signals responsible for directing MC polarization will be critical
for identifying therapeutic targets for T2 inflammation-associated diseases in which MC
hyperplasia is prominent and MC effector responses play an important role.

Sci Immunol. Author manuscript; available in PMC 2021 August 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dwyer et al.

Methods

Page 13

Study participants and design

Ethmoid sinus tissue was obtained from participants between the ages of 21 and 76 years,
recruited from the Brigham and Women’s Hospital (Boston, Massachusetts) Allergy and
Immunology clinic and Otolaryngology clinic between May 2014 and September 2020
(Supplementary Table 1). This study was approved by the Institutional Review Board (IRB),
with all study participants providing written consent. Tissue was collected at the time

of elective endoscopic sinus surgery from patients with physician-diagnosed CRSWNP or
CRSsNP. Patients with polyps included diagnoses of both aspirin-tolerant CRSwNP and
aspirin-intolerant AERD. A diagnosis of AERD was suspected for patients with asthma,
nasal polyposis, and a history of respiratory reaction following usage of cyclooxygenase
inhibitors, and all diagnoses were confirmed via graded oral challenge with aspirin. Subjects
with cystic fibrosis and unilateral polyps were excluded. After no distinctions in MC
characteristics between the two disease endotypes were noted beyond MC concentration
and proliferation, the data were combined unless otherwise noted. Analysis was conducted
in a non-blinded manner. Peripheral blood was obtained from patients without ethmoid sinus
disease under the same protocol. De-identified human skin samples were obtained from

the Brigham and Women’s Hospital surgical department under a separate IRB-approved
protocol.

Flow cytometry, cell sorting and analysis

Single-cell suspensions were resuspended in FACS Buffer (HBSS, Ca/Mg-free
(ThermoFisher) supplemented with 2% FCS and 1 mM EDTA) prior to flow cytometric
staining. MCs were sorted on a Sony SH800 cell sorter using Sony Cell Sorter Software
(Seqwell) or a BD FACSAria Fusion cell sorter using BD FACSDiva software (Histologic
assessment). For all flow cytometry not involving cell sorting, cells were analyzed on a BD
LSRII Fortessa or BD CANTO-II using BD FACSDiva software.

Cytologic analysis

To minimize cell loss, sorted MCs were placed on a glass slide at a concentration of
1,000 cells in 10 pl. Slides were quickly dried using a plate warmer at the lowest setting.
For granule visualization, cells were stained with 100 pl toluidine blue solution (94.2%
H,0, 5.8% concentrated HCI, 0.5 g toluidine blue) for 30 seconds and washed using DI
H,0. For protease immunostaining, cells were fixed with Carnoy’s fixative as previously
described(62).

Histologic analysis

Nasal polyp biopsies were fixed in 4% paraformaldehyde, embedded in paraffin, and 6 um
sections were cut for histologic analysis. Tissue sections were deparaffinized and rehydrated.
Slides were quenched with 1 mg/ml sodium borohydride 3 times on ice for 10 min each.
Antigen retrieval was performed with Target Retrieval Solution, pH 9 (Agilent Technologies,
Inc) at 97°C for 35 min. Microscopy and photography were done using OLYMPUS BX 41
system microscope and OLYPUS DP 71 camera.
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scRNA-seq and analysis

After obtaining single-cell suspensions from freshly resected sinus tissue, we utilized the
Seq-Well platform for massively parallel scRNA-seq to capture transcriptomes of sorted
MCs on barcoded mRNA capture beads (27), described in greater detail in supplemental
methods. Read alignment was performed as in Macosko et al (63). UMI-collapsed data was
utilized as input into Seurat (64) (https://github.com/satijalab/seurat) for analysis. Before
incorporating a sample into our merged dataset, we individually inspected the cell-by-gene
matrix of each as a Seurat object. For analysis of all sequenced samples, we merged UMI
matrices across all genes detected to generate a matrix containing all cells detected (n=
8,228 cells and 25,104 genes). This table was then utilized to setup the Seurat object in
which any cell with at least 200 unique genes was retained and any gene expressed in at
least 3 cells was retained. Cells with greater than 10% mitochondrial genes or UMI counts
less than 200 and greater than 2500 were removed from analysis. The total number of

cells passing these filters captured across all patients was 7,355 cells with 18,102 genes,
averaging 2,699 cells per sample with a range between 221 cells and 2,359 cells. Before
performing dimensionality reduction, data was log-normalized with a scale factor of 10,000,
scaled and centered, and a list of 2,000 most variable genes was generated by using the vst
selection method. We then performed principal component analysis using variable genes. A
shared nearest neighbor (SNN) graph and uniform manifold approximation and projection
embedding (UMAP), were constructed using the first 9 principal components based on the
inflection point of the elbow plot. We used FindClusters (which utilizes a SNN modularity
optimization-based clustering algorithm) with a resolution of 0.4 and RunUMAP using
default settings to identify 10 clusters across the 6 input samples. Additional analysis
information can be found in supplemental methods.

CITE-seq computational pipelines and analysis

CITE-seq methodology can be found in the supplemental methods section. For analysis,
CITE-seq tag counting and demultiplexed ADT reads were processed using the CITE-seq-
Count package version 1.4.2. Reads were matched with their corresponding ADT sequences
and assigned to cell barcodes within a whitelist of cells that contained between 200 and 2500
MRNA UMIs. Once binned by cell barcode, ADT reads were collapsed by their 8-bp UMI.

For data analysis, one Seurat object was created per sample. Cells with UMI counts less
than 200 and greater than 2500 were removed from the analysis. For both experiments, data
was log normalized with a scale factor of 10,000, scaled and centered, and the 2,000 most
variable transcripts were determined using the FindVariableFeatures function. Tag counts for
ADTSs were scaled and centered before center log ratio normalization (CLR). Contaminating
cell populations were computationally removed from each object as described in Cell Type
Identification, and the two experiments were integrated within Seurat using the Harmony
software package (65). For constructing a SNN graph and UMAP embedding, we utilized
the first 10 principal components, reflecting the inflection point of the elbow plot. We used
FindClusters with a resolution of 0.4 and RunUMAP using default settings to identify 4
clusters across the 2 input samples.
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Statistical analysis

Number of samples included in analyses are listed throughout figure legends and represent
distinct biological samples. Source data is provided in Supplementary table 7. No samples
or cells meeting quality thresholds were excluded from analyses. Statistical analyses were
performed using GraphPad Prism v7.0c and Seurat 3.0.1 implemented in RStudio. Some
violin plots were generated using Graphpad Prism using data exported from Seurat to allow
display of median and quartile values. Paired t tests were used when comparing protein
expression across multiple subsets within individual patients and are indicated by linked
points. Unpaired 2-tail t-tests were for comparisons of data found to be normally distributed
using the D’ Agostino & Pearson test. For all other data, the Mann Whitney U tests was used
for comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Phenotypic characterization of sinus M C hyperplasia
(A) Flow identification of human sinus MCs. (Additional replicates and full gating in Figure

S1).

(B) MC quantification as percentage of CD45* (left) or total cells (right) in indicated patient
groups (n=6-12 donors/group). *, p<0.05; **, p<0.01 (Mann-Whitney).

(C) Representative plots showing MC heterogeneity in nasal polyp (left) or CRSSNP tissue
(right).

(D) MC phenotype in polyp epithelium (left), whole polyp (center) with overlay (right).
Red: epithelium; Black: whole polyp. Representative of five donors.

(E) Gating distinguishing epithelial MCs (CD117'°W SSC!oW, red) from subepithelial MCs
(CD117M9h, blue) in epithelial fraction (left panel) vs unfractionated polyp (right panel)

(F) Quantification of epithelial and subepithelial MCs in fractionated epithelium and
unfractionated polyp (n=5 donors); *, p<0.05 (paired t-test).

(G) FceR1a expression of epithelial (red) and subepithelial MCs (blue) with quantification
(right). Lines denote paired observations (n=24 donors); ****, p<5 x 107° (paired t-test)
(H) Toluidine blue (left) and protease immunophenotyping (right) of sorted CD117!°% MCs.
Two examples provided to show heterogeneity. Green: tryptase; Red: chymase; Yellow:
colocalization; Blue: nucleus.

(1 Toluidine blue (left) and protease immunophenotyping (right) of CD117"9h MCs.

Two examples provided to show heterogeneity. Green: tryptase; Red: chymase; Yellow:
colocalization; Blue: nucleus.
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Figure 2: Identification polyp M Cswith a progenitor-like cell surface phenotype
(A\) Identification of nasal polyps SSC!*WItgp7 Migh MCs (left). CD117 and SSC expression

on ItgB7M9" MC (magenta) relative to all polyp MCs (grey) (right).

(B) Toluidine blue (left) and protease immunophenotype (right) of sorted Itgp7 high nolyp
MCs MCs. Green: tryptase; Red: chymase; Blue: nucleus

(C) Representative flow plot of 1tgp7 expression on CRSSNP MCs.

(D) Quantification of Itgp7"9" MCs as a percentage of total MCs in CRSsNP, CRSWNP and
AERD. **, p<0.01 (Mann-Whitney).

(E) CD34 expression on polyp Itgﬁ?high MCs (magenta) and circulating MCp (turquoise)
vs isotype (grey), representative of three independent donors. (Magenta and grey are
superimposed).

(F) Integrin expression on circulating MCp (left) and polyp ItgB7M9" MCs (right), each
representative of three separate donors.

(G) Distribution of polyp aEMSM (green) and o E- (purple) ItgB7MINMCs distribution within
the epithelial vs subepithelial gates (left) as in Fig. 1E, with quantification (right). *, p<0.05
(paired t-test).

Sci Immunol. Author manuscript; available in PMC 2021 August 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dwyer et al.

FceR1a —>>

SeqWell

FCER1A
PTGS2
IL17RB

GPR183

SSR4
ARG2
NSMCE1
cLU
TNFSF10
MIF

AKAP12
FAM46A
TOP2A
CENPF
HIST1H18
BIRC5
MKIE7
TYMS
TPX2
KIAA0101
NUSAP1

CDK1

CcCL2
CCL3
CCL4
CKLF
CSF1
CSF2
13
PTGS2
TNFSF10

FGL2

0?

3

10

3

CD117 —>

TPSAB1

CPA3

Page 21

25 00 25 50 75
IMAP_1

HPGDS

25 00 25 50 75 25 00 25 50 75
IMAP.

ALOX5

ALOX5AP

UMAP_1

MC1

® MC4

MC3 Signature
(% of transcriptome)

-0.48

® MC4

Yol

Yoo

2

i,

() ¥
R
E vorsamwe F.7
I MC1 signature -
@ £ 204
58
10 T2 154
o 020 w < .
%' Io.!s sg 10
s
g 5 005 = é 54
0
25 00 25 50 75
UMAP_1
MC3 signature 267
o & 20
58
10 ® .2 154
5% °
o ]
o lms Gg 10+
$s s =0
o § 51
0
25 00 25 50 75
UMAP_1
5 N o
Qo& & IgE activation signature
ENTEN
& 8 5
. EE— g
FCER1A g4
MS4A2 5 3
FCER1G @
BTK Z 82
G 1
70
N
CEE

T T T T 1
10 15 20 25

MC3 Signature
(% of transcriptome)

o
25 00 25 50 75
IMAP_

2401 2

IL33 activation signature Shared activation signature

Kk

© 9

]

% of transcriptom

3_._.__

L

Figure 3: scRNA-seq identification of transcriptionally distinct polyp M C subsets
(A) Schematic representation for ScRNA-seq analysis of 7,355 cells sorted polyp MCs (Fig.

S1) (n=6 donors).
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(B) Uniform Manifold Approximation and Projection (UMAP) depiction of MC clusters.
(Fig. S3 depicts identification of MC vs contaminating clusters).
(C) MC expression of canonical MC transcripts.
(D) Common (top rows) and cluster-enriched transcripts (columns show donor-averaged
row-normalized expression). pagj < 3.1 % 10729 for cluster enriched genes (Wilcoxon).
(E) Polyp MC expression of MC1 and MC3 signatures (% of transcripts/cell).

(F) Per-cell expression of MC1 and MC3 signatures across all clusters (top) and MC4 alone

(bottom). (correlation r-value).
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(G) Differentially expressed transcripts between polyp MCt¢c (MC1) and MCt (MC3),
(donor averaged, row normalized); pagj < 6 % 1079 (Wilcoxon).

(H) Immunomodulatory transcript expression in polyp MCy¢ and MCr, (donor averaged,
row normalized); pagj < 7 x 10727 (Wilcoxon).

(I FceR1 signaling pathway expression in polyp MCyc and MC+¢ (donor averaged, row
normalized); pagj < 8 % 104 (Wilcoxon).

(J) Expression of transcript scores driven by IgE signaling, 1L33 signaling, or shared by both
stimuli across the MC1-3 clusters. (lines denote median and quartiles) p***, p<1x10710,
*** n<1x10715 (Mann-Whitney); Cohen’s effect size for MC1 vs. MC3: 0.60 (IgE), 0.79
(IL33), and 1.52 (shared).
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Figurle 4: Characterization of an IL-4-elicited M Ct phenotype enriched in diseased human lung
samples.

(A-C) Re-clustering of MCs from three sScRNA-seq datasets accessed through the human
IPF atlas: (A) control, IPF and ILD; (B) control, IPF and COPD; and (C) control and

IPF. Clustering for each dataset indicated a population (polygon gate) that was statistically
enriched for the polyp MC3-associated transcripts /L17RB, CD38, and GPR183 (center
panels) and predominantly composed of MCs from diseased tissue relative to healthy (left
panels). Circle gate indicates MCs co-expressing the proliferation-associated genes MKI167
and TOP2A.
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(D) Correlation analysis of polyp scRNA-seq epithelial I1L-4/13-induced signature
expression, (donor averaged) versus sScCRNA-seq defined MC percentage for each donor.
p<0.001.

(E) MC3-enriched transcripts (Supplementary table 4) upregulated in two technical replicate
CBMC samples by 96-hour IL-4 stimulus (row normalized expression). Top half: FDR<0.1,
bottom half (indicated by purple line): P < 0.05 (DESeq?2).

(F) MC1-enriched transcripts (supplemental table 4) downregulated in two technical
replicate CBMC samples by 96 hours IL-4 stimulus (row normalized expression). Top half:
FDR<O0.1, bottom half (indicated by purple line): P < 0.05 (DESeq?2).

(G) CBMCs /L17RB expression (qPCR) following 72-hour stimulus with vehicle or IL-4,
(n=4 biologic replicates across three independent experiments), * indicates p<0.05 (paired
t-test).
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FceR1ag — >

Figure5: I dentification of M Ct¢ heterogeneity across tissues
(A) Transcripts shared between diseased and control skin MCs and polyp MC+¢ (top) vs.

enriched in skin MCs (upper middle), polyp MC+ (lower middle), or polyp MC+¢ (bottom)
(donor averaged, row normalized).

(B) Representative analysis of MRGPRX2 expression (red) on nasal poly MCs (left) and
skin MCs (right) relative to isotype (grey). Staining representative of 3 donors per group.
(C) Identification of MCs based on 7PSABI expression within a ScRNAseq dataset of
healthy human lung tissue containing samples from distal, medial and proximal lung
generated by Travaglini et al(47).
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(D) Violin plots showing expression of the MCyc-associated transcripts CMA1, CTSG,
MRGPRXZ, and C5ARI in healthy human lung. No displayed transcripts were significantly
differentially expressed between distal and proximal lung, MRGPRX2 expression was only
observed in proximal lung.
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Figure 6: CD38 expression marksnasal polyp MCt and an unpolarized intermediary subset
(A) Representative plot showing nasal polyp MC (gated as in Fig. S1) expression of CD38

and CD117. Arrow indicates sequential gating.

(B) SSC vs CD117 profile of CD38Mi9N epithelial MCs (red), CD38M9" subepithelial MCs
(orange) and CD38/°W subepithelial MCs (blug).

(C) Representative plot showing CD38 and CD117 expression in Itgp7Md" MCs.

(D) Representative plot of MC CD38 and CD117 expression in CRSsNP control tissue.

“1 CRSsNP

CDM1M7 —>»

4000 ——
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(E) Quantification of CD38NMINCD117!°W MC+ (red), CD38NMINCD117M9N intermediate MCs

(orange) and CD38!°WCD117M9" MCrc (blue) in sinus tissue of patients with CRSSNP
(closed circles), CRSWNP (open squares), or AERD (closed triangles). ** indicates p<0.01
(Mann-Whitney)

(F) Intracellular chymase expression in epithelial MCs (red), CD38M3" subepithelial MCs
(orange), and CD38!°W subepithelial MCs (blue) versus isotype (grey).

(G) Quantification of chymase expression in indicated MC subsets (n=5 donors); *, p<0.05,

**% p<0.001 (t-test).

(H) Intracellular FITC-avidin staining in epithelial MCs (red), CD38M9" subepithelial MCs
(orange), and CD38!%W subepithelial MCs (blue).

(1) Quantification of FITC-avidin fluorescence in indicated MC subsets (n=9 donors); *,
p<0.05 (t-test).
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Figure 7: Unpolarized MC praliferation underlies M C expansion in human nasal polyps.

(A) Schematic approach for Cellular Indexing of Transcriptomes and Epitopes by

Sequencing (CITE-seq) analysis of sorted polyp-derived MCs
(B) Identification of four clusters across 2,902 MCs from 2 donors with expression of the
MC1 and MC3 gene signatures (Supplementary table 2) and MK/67.
(C) Cell surface expression of CD117 and CD38 within each MC cluster (line denotes

median and quartiles); **, p<1x1074; *** p<1x10712; **** p<1x1071%; NS, not significant

(Mann-Whitney).
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(D) UMAP plot showing cell surface expression of Itgp7 across nasal polyp MCs.

(E) Representative plot of nuclear Ki67 in nasal polyp MCs.

(F) Overlay showing Ki67+ MCs (purple) and all MCs (grey) with flow gates defined in Fig.
6A (left). Quantification of Ki67+ MCs by subset (right); ***, p<0.001 (t-test).

(G) Quantification of Ki67+ MCs in indicated disease endotypes. ***, p<0.00, (t-test).

(H) Correlation of MC proliferation (Ki67 staining) and peripheral blood eosinophil counts
across polyp patients. Pearson R = 0.481, p < 0.05
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Table 1:
I dentification of inflammation-associated airway MCT transcripts across datasets.

Transcripts significantly elevated in CD38, /IL17RB and GPR183-enriched MCs (p<0.05) in at least two of the
three lung fibrosis SCRNA-seq datasets analyzed. Transcripts in bold were significantly elevated in polyp MC3
(MCy) relative to other polyp subsets. Blue transcripts were significantly elevated within the CD38-enriched

asthma MC cluster analyzed in Fig S6.

Banovich & Kropski + + + -
Kaminski & Rosas + + - +
Lafayatis + - + +

ACTG1 ABRACL B4GALTS5 | AKAP12

CD38 ACTR3 BCL2A1 ARHGEF6
CD52 CAPG CALR CELF2
CPA3 EEFIG CAMK1 EEF2
CXCR4 EIFZA CD83 FBX034

DTNBP1 HOTAIRM1 | CDC42 LCP2

EEF1A1 LTC4S CKS2 NEDD9

GPR183 MYL12B CREM PLXNC1

IL17RB NKG7 DUSP10 PROM1
LDLRAD4 | RPL10A DUSP4 RPLZ28
LGALSI RPL13A EHDI1 RPLPO
MAFF RPL15 FOSL2 SLCIAL
NSMCE1 RPL3 GALNT6
PFN1 RPL7 GEM
RGS16 RPSZ HES4
RPL4 RPS5 HEY1
RPSA RPS6 ICAM3
ZC3HIZA | RPS9 D2

SVOPL 1SG15

TMSB4X KDM6B

TPI1 KPNAZ2

TPSAB1 LMNB1

UQCRH MATZA

MCL1
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NR4A1
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PHLDAI

PLAUR
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