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Introduction

Mast cells (MCs) are tissue-resident granulocytes thought to play key
roles in type 2 (T2) inflammatory diseases, including asthma and
chronic rhinosinusitis (CRS). MCs originate from rare circulating
progenitors that mature in peripheral tissue, where they acquire his-
tochemically distinct phenotypes based on their tissue localization
(1). Human MCs are classically categorized based on the protease
content of their secretory granules. Subepithelial MCs (MC,.s),
possessing tryptase, chymase, cathepsin G (CTSG), and carboxy-
peptidase A (CPA3), are found in the skin, the submucosa of the
lung and digestive tissue, and proximal to vasculature and peripheral
nerves. MCs possessing tryptase alone under homeostatic conditions
(MC_s) constitute the main MC population in the airway and diges-
tive epithelium and the pulmonary alveolar parenchyma (2). We
recently reported that MC, s and MC, s in CRS with nasal polyposis
(CRSwNP) represent poles along a transcriptional gradient linked by
a transitional intermediate, suggesting divergence from a common
progenitor polarizing in response to microenvironmental signals (3).
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Mast cells (MCs) expressing a distinctive protease phenotype (MC_s) selectively expand within the epithelium of human
mucosal tissues during type 2 (T2) inflammation. While MC_s are phenotypically distinct from subepithelial MCs (MC__s),
signals driving human MC_differentiation and this subset’s contribution to inflammation remain unexplored. Here, we

have identified TGF-§ as a key driver of the MC, transcriptome in nasal polyps. We found that short-term TGF-f signaling
alters MC cell surface receptor expression and partially recapitulated the in vivo MC_ transcriptome, while TGF-§ signaling
during MC differentiation upregulated a larger number of MC_-associated transcripts. TGF-p inhibited the hallmark MC,
proteases chymase and cathepsin G at both the transcript and protein level, allowing selective in vitro differentiation of MC s
for functional study. We identified discrete differences in effector phenotype between in vitro-derived MC s and MC_ s,
with MC_s exhibiting enhanced proinflammatory lipid mediator generation and a distinct cytokine, chemokine, and growth
factor production profile in response to both innate and adaptive stimuli, recapitulating functional features of their tissue-
associated counterpart MC subsets. Thus, our findings support a role for TGF-p in promoting human MC_ differentiation and
identified a discrete contribution of this cell type to T2 inflammation.

However, the identity of these polarizing signals and the role of each
subset in tissue inflammation remain undefined. Further, whether
MC,s and MC,_s are terminally differentiated or can switch phe-
notypic or functional characteristics in response to environmental
changes is unknown.

Clinical studies suggest a central role for MC_s in driving T2
mucosal disease pathobiology. MC_s preferentially expand with-
in the epithelium during T2 inflammation (4-7), where they fur-
ther express CPA3 in T2-high asthma, CRSwNP, and eosinophilic
esophagitis (EoE) (4, 5, 8). Intraepithelial MC burden correlates with
airway reactivity to cold air- and exercise-induced bronchoconstric-
tion in asthmatic patients, while elevated expression of MC-specific
transcripts in the bronchial brushings of T2-high asthmatic patients
(reflecting intraepithelial MC s) predicts improved responsiveness
to corticosteroid treatment, a therapy that decreases intraepitheli-
al MC, concentration but minimally impacts MC s (8-10). Thus,
determining the factors that direct MC, differentiation and how they
participate in tissue inflammation has important therapeutic implica-
tions for selectively targeting their contribution to disease.

Previously, we identified a role for TGF-f in driving differen-
tiation of murine mucosal MCs, which like human MC_s, expand
during T2 pulmonary inflammation (11). However, the role of
TGF-B in human MC development and the contribution of each
MC phenotype to inflammation remained unexplored. Here, we
find that MC.s in CRSWNP express TGF-B target transcripts,
while TGF-f treatment elicits discrete, time-dependent transcrip-
tional phenotypes in peripheral blood—derived (PB-derived) MCs
(PB-MCs). TGF-p—driven transcriptional changes in vitro are
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highly reflective of the in vivo MC, transcriptome, an effect that
increases with exposure duration. These changes include both sup-
pressing transcripts encoding MC, -associated proteases (CMA1,
CTSG) and enhancing transcripts encoding MC -associated tran-
scription factors (SKIL, ELK3, HEY1, NFATCI) and lipid mediator
biosynthetic pathway components (ALOX54AP, PTGSI). Culturing
PB CD34" cells under MC-differentiating conditions in the pres-
ence of TGF-P1 led to the development of MC -like cells with
reduced intracellular chymase and CTSG. The protease phenotype
of in vitro—derived MC s was strikingly plastic, with TGF-B1 with-
drawal leading to chymase induction, an effect also observed in
sorted CRSWNP MC,s cultured ex vivo in the absence of TGF-B1.
TGF-B1 elicited duration-dependent effects on MC effector func-
tion, inhibiting MRGPRX2 expression and function, altering pro-
files of cytokine and chemokine secretion following activation, and
enhancing eicosanoid production, mirroring differences observed
between MC s and MC, s in vivo. Thus, our findings indicate that
human MC subsets have distinct capacity to shape disease patho-
genesis through proinflammatory mediator production and identify
a central role for TGF-f signaling in both directing MC,. differentia-
tion and maintaining their phenotype.

Results

Defining human MC phenotypes in nasal polyposis. To gain deeper
insights into the developmental signals directing MC differentiation
and heterogeneity in severe T2 inflammation, MCs were flow sorted
from the nasal polyps of 4 patients with aspirin exacerbated respirato-
ry disease (AERD), a disease associated with refractory eosinophilic
nasal polyposis and asthma. MCs were sorted based on canonical sur-
face markers (CD45*, CD117*, FceR1a*, lineage [CD11b-, CDl11c,
CD3, CD197)) for single-cell RNA-Seq (scRNA-Seq) using the 10x
Genomics, version 3, chromium platform (Supplemental Figure 1A;
supplemental material available online with this article; https://doi.
org/10.1172/JCI174981DS1), taking advantage of the increased
transcript detection and recovery available with the platform chem-
istry relative to earlier platforms. MCs were identified through pro-
tease transcript expression (7PSABI, CPA3), computationally sepa-
rated from contaminating populations and a small donor-restricted
cluster enriched for interferon signature genes (Supplemental Figure
1, B and C), and integrated using the Harmony software package,
version 1.2 (12). We identified 6 MC clusters, including 2 MC,, and
2 MC, clusters designated based on expression of subset-associat-
ed transcripts (C7SG and CMA! for MC, . ILI7RB and GPRIS83 for
MC,), a transitional cluster, and proliferating MCs (Figure 1, A and
B, and Supplemental Figure 2) (3). All clusters were detected in all
donors; however, the proliferating cluster exhibited high variability
(Supplemental Figure 2, A and B). Ribosomal content was elevat-
ed in MC_1, while mitochondrial content was highest in transitional
MCs (Supplemental Figure 2C).

Differential expression analysis indicated common core sets of
transcripts distinguishing MC_ . (CMAI, CTSG, FCERI1A, GPR6S,
C34R]) from MC,_ (CPA3, TPSABI, GPR183, CD38, IL17RB) (Fig-
ure 1B). However, each MC, . and MC, subcluster was also associ-
ated with distinct transcriptional cassettes (Figure 1C and Supple-
mental Table 1). These transcripts included genes encoding granule
factors, the y subunit of FceRI, and hematopoietic prostaglandin
D, (PGD,) synthase in MC, .1 (FCERIG, NDST2, HPGDS), inflam-
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mation-associated factors in MCTCZ (CSF2, IL13, PTGS2), ribo-
some and translation initiation factors in MC_ 1 (RPLI0A, RPS27,
EIF3E), a separate set of inflammation-associated factors in MC 2
(PTGS1, LTC4S, IL5), semaphorins and DNA-binding proteins in
transitional cells (SEMA4A, SEMA7A, POLG2), and cell cycle-asso-
ciated genes in the proliferating cluster (Figure 1C).

To gain further insight into the biological processes associated
with each cluster, we conducted gene ontology (GO) pathway enrich-
ment analysis (Supplemental Table 2). MC, .1 exhibited enrichment
for electron transport chain and protein processing (Figure 1D),
while MC_ .2 was enriched in inflammation and adhesion-associat-
ed transcripts (Figure 1E). Transitional MCs were enriched for chro-
matin and histone modification and chromatin remodeling path-
ways, suggesting ongoing epigenetic reprogramming (Supplemental
Figure 3), consistent with prior characterization of this population
as immature MCs undergoing polarization (3).

MC,1 exhibited limited enrichment for biological processes,
suggesting MC -specific pathways are not well represented with-
in the GO database. Among the pathways identified, MC_1 was
enriched for translation and ribosome biogenesis (Figure 1F),
whereas MC, 2 showed enrichment for cell activation, the MHC-I
pathway, and SMAD phosphorylation (Figure 1G). Several TGF-
target transcripts previously identified in murine inflammation-
expanded airway MCs were significantly elevated in the transition-
al and both MC;. clusters (SKIL, SMAD7, and LDLRAD4), while
ITGAE was restricted to the MC,. clusters (Supplemental Figure
2E) (11), suggesting a broader role for TGF-f signaling within the
intraepithelial MC compartment.

Intraepithelial MCs reside in a TGF-f-rich tissue niche. MC,
enrichment for the SMAD phosphorylation pathway and murine
MC TGF-B target genes was of particular interest based on our
prior findings linking TGF-B to lower airway intraepithelial MC
differentiation in vivo (11). To assess potential sources of TGF-§3
signaling in nasal polyps, we used a prior transcriptional atlas of
sinonasal tissues, identifying basal epithelial cells (EpCs) as a pre-
dominant source for transcript encoding TGF-f2, while TGF-f1
was more broadly expressed (Supplemental Figure 4A) (4, 13).
Reanalysis of a prior bulk RNA-Seq dataset of flow-sorted basal
EpCs (13) indicated upregulation of both transcripts in subjects
with CRSwNP (inclusive of AERD) relative to CRS without nasal
polyps (CRSsNP), a milder clinical phenotype lacking an expanded
MC, population (Supplemental Figure 4B and Supplemental Table
3). Notably, although TGF-B2 binds the TGF-f receptor with lower
affinity than TGF-B1, both isoforms direct human MC chemotaxis
and inhibit their proliferation with similar potency (14, 15).

Transcript encoding integrin B, (/TGB6), which pairs with inte-
grin a, to mediate latent TGF-B activation and regulate murine
mucosal MC development (16, 17), showed a trend toward upreg-
ulation in CRSWNP EpC compared with CRSsNP (Supplemental
Figure 4B). Flow cytometric evaluation identified a significant
increase of cell-surface o, on EpCs from both CRSWNP and
AERD polyps relative to CRSsNP, suggesting increased availability
of activated TGF-$ within or adjacent to the epithelium in nasal
polyps (Supplemental Figure 4C). Analysis of lung EpCs from a
recent scCRNA-Seq study similarly indicated enrichment of TGFBI
and TGFB2 in basal EpCs, which significantly upregulated both
ITGB6 and ITGAV in asthmatic patients but not allergic nonasth-
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Figure 1. Phenotypic heterogeneity of MCs is marked by expression of
distinct transcriptional cassettes. (A) Uniform manifold approximation
and projection (UMAP) depiction of 6 MC clusters identified through
scRNA-Seq analysis of MCs sorted from 4 AERD patients (top), with
expression patterns for select subset-associated transcripts (bottom). (B)
Row-normalized heatmap of common genes expressed by MC, . and MC,
clusters (FDR < 0.05, log,FoldChange > 0.5, DESeq2) (C) Row-normalized
heatmap of top differentially expressed genes across clusters (FDR <
0.05, log,FoldChange > 0.5, DESeq2), with representative cluster-enriched
genes highlighted. (D-G) Enrichment of biological processes in (D) MC_ 1

T

(E) MC, .2, and (F) MC,1, and (G) MC,2 clusters with row-normalized heat-
maps showing expression of select process-associated genes. Heatmap
columns indicate average cluster expression for each of n = 4 individuals;
scale bars denote z score.

matic patients following allergen challenge (Supplemental Figure
4D and Supplemental Table 4) (18).

To determine the functional consequences of EpC a3, expres-
sion, we conducted histologic assessment of SMAD?2/3 phosphor-
ylation within the epithelium, subepithelium, parenchyma, and
glandular regions of tissue sections from CRSsNP and CRSwNP
donors, normalized by cell density (Supplemental Figure 5). In
CRSwWNP, we observed significantly increased pSMAD?2/3 in the
epithelium relative to the parenchyma, with similar pPSMAD2/3
levels in the epithelium and subepithelium (P, < 0.05). CRSsNP
samples showed a trend toward elevated pSMAD?2/3 in the epi-
thelium and glandular regions of the tissue but no significant dif-
ferences across compartments, with low phosphorylation in the
subepithelium and parenchyma. These observations suggest that
EpC a,f, expression contributes to TGF- signaling in proximity
to the epithelium, indicating intraepithelial MCs reside within a
TGF-B-rich tissue niche. Thus, together with our prior observations
in mice, we hypothesized TGF-f signaling could direct the human
intraepithelial MC . phenotype.

TGF-f directs an MC -like transcriptional phenotype. To test the
relationship between TGF-f signaling and the MC, transcription-
al phenotype, PB-MCs were treated for 24 hours or 6 days with
TGF-B1 or, in separate experiments, MCs were differentiated from
CD34" cells in the presence or absence of TGF-B1 for the full dura-
tion of culture (7 weeks) and assessed via bulk RNA-Seq. TGF-B1
treatment exerted discrete, time-dependent effects on the MC tran-
scriptome, differentially regulating 414 genes at 24 hours, 1,013
genes at 6 days, and 1,903 genes at 7 weeks (Figure 2, A and B, and
Supplemental Table 5). A core set of 149 genes were significantly
altered by TGF-B1 across all time points, including upregulation of
IL4R, SIGLEC6, and LT(C4S and downregulation of CMAI, CTSG,
and MRGPRX2, with approximately half of the transcripts chang-
ing to a similar degree and the other half showing a gradient of
upregulation or downregulation with time (Figure 2C). Transcripts
enriched in the MC, 1 and MC 2 clusters in vivo were predominant-
ly upregulated in PB-MCs treated with or differentiated in TGF-B1
(Figure 2D).

We next constructed TGF-B-upregulated gene signatures
unique to each time point to probe our in vivo dataset (Supple-
mental Table 5). The 24-hour and 6-day gene signatures showed
low-level expression across MC clusters, with lowest expression in
the MC, .1 and proliferating clusters but only modest differences
between the remaining MC clusters (Figure 2E, P value matrix in
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Supplemental Figure 6A). The 7-week developmental TGF-B1 sig-
nature had substantially higher expression in both MC, clusters and
the transitional cluster with significant elevation relative to both
MC,. clusters (Figure 2E). The core TGF-B1 target genes includ-
ed MC-restricted proteases and cell-surface receptors (Figure 2C),
indicating a cell type—specific effect on human MCs and potential-
ly explaining the limited detection of TGF-f signaling within the
MC, clusters through pathway enrichment (Figure 1, F and G).
When we instead used our MC-derived gene signatures for gene set
enrichment analysis (GSEA), we identified significant elevation of
the 7-week signature in both MC,. clusters and significant decreases
in the MC,. clusters (Figure 2F and Supplemental Table 2). The
6-day signature was significantly enriched in the transitional and
MC, I clusters and decreased in MC .2, while only the transitional
cluster was enriched for the 24-hour signature (P, 6 < 0.05).

Notably, a subset of the genes differentially expressed between
MC, and MC,,, clusters in vivo were only significantly altered in
PB-MC:s differentiated in TGF-B1, including several MC -enriched
transcription factors (HESI, AEBPI, IKZF3) (Figure 2, G and H).
PB-MC differentiation in TGF-f further drove upregulation of tran-
scripts encoding ribosomal components, mirroring MC,_ ribosom-
al enrichment in vivo (Supplemental Figure 6B). CRSWNP MC_
and MC,_, exhibited similar cell-surface expression of the TGF-
receptor R2 subunit (TGF-$ R2), which pairs with the R1 subunit
to recognize TGF-B1 and TGF-B2 (Supplemental Figure 6, C and
D). As additional controls, we confirmed that flow sorting did not
elicit degranulation or impact viability in PB-MC,. or PB-MC, .
(Supplemental Figure 6E). Together with the pPSMAD2/3 patterns
in CRSwNP, these observations strongly suggested that differenc-
es in developmentally associated exposure to TGF- across tissue
microenvironments direct MC polarization in vivo and potentially
implicated shorter-term TGF-p signaling as a factor differentiating
MC, 1 and MC, 2 clusters.

To explore whether the TGF-$ developmental signature was
restricted to MCs in AERD or represented a broader feature of
MC,_s, we expanded our analysis to other diseases and tissues. We
first assessed our prior sinonasal polyp MC dataset (3), finding that
MC,s in both AERD and aspirin-tolerant CRSWNP were enriched
for the TGF-B1 developmental signature relative to MC, s (Supple-
mental Figure 6F). We next evaluated MCs from an scRNA-Seq
study of ulcerative colitis that fractionated the intestinal epithelium
from lamina propria (19). MCs from the lamina propria fraction
were significantly enriched for core sinus MC . transcripts (CMA1,
GPR65, ICAMI) and expressed inflammation-associated sinus
MC, 2 transcripts (PTGS2, CSFI) (FDR < 0.05). Expression of
IL13 was only detected in the lamina propria, although this did not
reach statistical significance (Supplemental Figure 6G). MCs from
the epithelial fraction were significantly enriched for sinus MC, core
transcripts (TPSABI, CTSW, CD9) and for sinus MC_1-enriched
transcripts encoding eicosanoid biosynthetic enzymes (PTGSI,
LTC4S, ALOX5) (FDR < 0.05). Epithelial MCs further exhibited
significant enrichment for the TGF-B developmental signature
compared with lamina propria MCs (Supplemental Figure 6H and
Supplemental Table 6). Collectively, these observations supported a
role for TGF-B in directing the MC, transcriptome across mucosal
tissues and suggested a link between TGF-f developmental signal-
ing and MC effector function.

J Clin Invest. 2025;135(1):e174981 https://doi.org/10.1172/)C1174981


https://doi.org/10.1172/JCI174981
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd
https://www.jci.org/articles/view/174981#sd

The Journal of Clinical Investigation RESEARCH ARTICLE
A C
d MARCHF8 | 4
7 Week __,;I((;;::'CG CPPED1 I2
1903 genes { MORF4L2 [* &
CHD3 CD66 0%
PDCD4 3
bockz CDCA42SE2 I'z
ST3GAL6 GLO1 4
ANPEP . ﬂ%gg
] TPSAB1 SLCIAG
I HIPK2 LGALS3
e \ FOSL2 NQO1
KLHLG BTBD10
VCL
58 ! WBP1L — PEPD
STXBP5
CTTND1
24h 6 day { DYNLT3 ,’:\%\IJéAPm
414 genes 1013 genes NCOA4 rﬁ— ZKSOAN3
GSTA4
L CD33
CTSC
NTRK1 csT7
FMNL3 g’é’gg
HAVCR2 | INTS6L
NDRG2 RGS13
mE BEGALT2
HH ENO3 NCKAP5
ENG FAM216B
CDK5 GPNMB
= MME
cD9
L CMA1
SIGLEC17P OSBPL3
SOoX4
PTPRB HAd
AQP3 EDNRB
TRO AK4
ABI3BP
ol Ul T <RT79 SLC40A1
S NELL2
VI & MRGPRX2
A EGLN3
TSBP1
e e
“l«&{\ b’z’A‘ e}’\’#
© ,\4\
& &
& N
E G S IO\ 9 &
GOSN
24hTGF-B 6 day TGF-p 7 week TGF-B sl iy NSNS
upregulated genes upregulated genes upregulated genes CD48 2e CYSLTR1
o5 . 25- CPRE5 0% Glonm 2
| GYPC i 15
erPr34 |%© D% 08
BTN3AT B4 CPRE5 13
2.0 1 2.0 1 2.0 1 T ‘ reip GYPC 2
_ _ _ i CSFT GPR34 I
g [} [ LIRL1 BTN3A1
D151 D151 215 ‘ L1851 ccL2
c c c CSF1
2 2 2 e IL1RL1
© 1.0 © 1.0 $1.04 | FCGRT IL18R1
2 2 2 = CHST1
S S S | | cD74
& O i 2 o ] Cp47 ACVRT
1= ] i FCGRT
0.5 054 = 0.5 GPR35 )
ITGAE Coer
ICAM3 GPR35
0.0..\.... 0.0\..\.\... o.o\..\.\... 85%11 ITGAE
N N
Q&OO«&-\\Q(‘%O‘ QO’\WQ'\}‘@ 0/\00/\&,-&\0'\\%0‘ O/\{L N 0«00&3;\\0‘\%0‘ 0‘% N Ll ITGB1 /%/;‘-ASAX
T & & T & & T & & [ ceLt Cbi151
S N & N & S =
<< & < § N < 0 ok ITGB1
Vv 66 &0 ccL1
A
> O
P N
F g EPAST |4 S 0;’&2? I &
24 h 6 Day 7 Week pag N i |2 WV PWe®
- — .
MC,1 ® MC,.1 ® MC,1 ® 005 BeTE 08, EPAST
e Cre Cre I 0.04 NFo18 |8 STATO 2
MC;2 ° MC;2 MC,2 ® 0.0 TET2 I O MES2 08
NCOAT B4 BPTF 15
Transitional ® Transitional ® Transitional ° gg? ZNF439 ZNfg;.g 2
MCH e MC1 ° MC1 o s oot
MCy2 ° MC2 ° MCy2 ° . CREBS ATF4
CXXC5
Proliferating @ Proliferating [ ] Proliferating [ ] gﬁfl?lE 40 CREB3
HES1
L——— 1 1 L—— 1 1 LN I N N B | [ |_‘ ‘TSCZZD1 IKZF3
3210123 32410123 3210123 I_'w‘_'&_'é{_ BHLHE40
Normalized Enrichment Score  Normalized Enrichment Score Normalized Enrichment Score v @?\$° TSC22D1

J Clin Invest. 2025;135(1):e174981 https://doi.org/10.1172/)C1174981



https://doi.org/10.1172/JCI174981

;

RESEARCH ARTICLE

Figure 2. TGF-f signaling during MC development elicits an MC -like
transcriptional phenotype. (A) Venn diagram showing common versus
timepoint-specific differentially expressed in PB-MC treated with TGF-f31
for 24 hours (green) and 6 days (blue) or PB-MCs differentiated in TGF-B1
for 7 weeks (pink) (FDR < 0.05, DESeq2). (B and C) Heatmap of (B) all
differentially expressed genes and (C) transcripts showing gradients of
upregulation (left) or downregulation (right) following TGF-B1 treatment
(FDR < 0.05, DESeq?); color indicates log,fold change versus untreated
samples. (D) Heatmap of differentially expressed genes associated with
MC1 (left) and MC,2 (right) clusters. (E) Violin plots showing per-cell
expression as a percentage of all transcripts for timepoint-specific
TGF-B1 target genes in PB-MCs treated with TGF-f1 for 24 hours, 6 days,
or differentiated in TGF-B1across AERD MC clusters (Padi matrix shown

in Supplemental Figure 6A). (F) GSEA for 7-week, 6-day, and 24-hour
TGF-B in vitro signatures across AERD MC clusters, showing normalized
enrichment score and adjusted P values. Gray color indicates statistically
insignificant positive or negative enrichment. (G and H) Heatmap of (G)
selected differentially expressed genes and (H) transcription factors both
restricted to PB-MCs differentiated in TGF-B1 across time points (left) and
differentially expressed across AERD MC clusters (right). Heatmaps show
log,FoldChange versus untreated for each donor (bulk) or donor-averaged
expression values (scRNA-Seq); scale bars show log FoldChange versus
untreated (bulk) or z score (scRNA-Seq).

Defining the influence of TGF-f on the MC granule phenotype. As
the MC, -associated proteases CMA! and CTSG (encoding chy-
mase and CTSG, respectively) were strongly downregulated by
TGF-p treatment at all 3 time points (Figure 2C and Supplemental
Figure 7A), we next assessed granule-associated transcripts. Nasal
polyp MC,s were enriched for CHSYI, encoding chondroitin sul-
fate synthase, genes encoding tryptases (TPSABI, TPSB2, TPSDI,
TPSGI), CPA3, encoding carboxypeptidase A3, and PRSS2I, a
serine protease not previously associated with MCs, suggesting a
greater degree of protease heterogeneity in human MCs than pre-
viously appreciated (Figure 3A). MC,_ s were enriched for NDST2,
encoding a central enzyme required for synthesis of heparin sul-
fate, a major proteoglycan component of MC, ., granules (20, 21),
CMAI, and several cathepsin-encoding transcripts (CTSC, CTSD,
CTSG). TGF-B drove similar expression patterns to those observed
in vivo, downregulating CMA1, CTSG, and NDST2 while upregulat-
ing transcripts encoding CPA3 and a, B, and § tryptases (TPSABI,
TPSB2, TPSDI) (Figure 3A and Supplemental Figure 7A). Thus,
TGF-p profoundly altered expression of transcripts regulating MC
granule composition and protease content.

PB-MC differentiated in stem cell factor (SCF) and IL-6 alone
contained high levels of intracellular chymase, indicative of an
MC, -like protease phenotype content (PB-MC,.) (Figure 3B).
Intracellular chymase content was unaffected by a 6-day TGF-B1
treatment despite the striking change in transcript expression, indi-
cating a potential “uncoupling” of the MC transcriptional and pro-
tease phenotype. We hypothesized that chymase stability was due
to slow turnover of MC granule-associated proteins. Supporting
this, PB-MC differentiation in TGF-B1 significantly reduced intra-
cellular chymase content (Figure 3C), directing an MC -like prote-
ase phenotype (PB-MC,). PB-MC differentiated in TGF-B1 further
exhibited significant reductions in intracellular CTSG (Figure 3D),
a protease robustly expressed by MC, . in vivo but absent from MC,,
(Supplemental Figure 8). While CPA3 was transcriptionally upreg-
ulated by TGF-B1 (Figure 3A), intracellular CPA3 protein was
lower in PB-MC;s relative to PB-MC, s (Figure 3E). Instead, we
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observed significant elevations in extracellular CPA3 in PB-MC,
culture supernatants relative to PB-MC,, (Figure 3F). Tryptase 2,
encoded by TPSB2, was similarly elevated in PB-MC, supernatants
(Figure 3F). In stark contrast to the stability of the PB-MC, . pro-
tease phenotype, intracellular chymase content of PB-MC;, signifi-
cantly increased following TGF-B1 removal (Figure 3G). Coculture
with EpCs maintained the PB-MC_ chymase-low phenotype in the
absence of exogenous TGF-fB, while treatment of cocultures with
the TGF-B receptor kinase inhibitor LY2109761 increased intra-
cellular chymase in a dose-dependent manner (Figure 3H), further
implicating EpC-derived TGF-f as responsible for maintaining the
MC, protease phenotype in vivo.

Following our observations with in vitro—differentiated PB-MC,_
and PB-MC,, primary MC s and MC, s were flow-sorted from
nasal polyps using previously defined surface markers (Figure 31I)
and cultured for 2 weeks supported by SCF either alone or supple-
mented with TGF-1 (3). Consistent with in vitro—differentiated
MGCs, primary tissue MC_s maintained a chymase-low phenotype
in TGF-B-supplemented media, while culture in SCF alone led to
increased chymase content (Figure 3J). In contrast, the protease
phenotype of primary MC_ s was highly stable, with TGF-$ sup-
plementation having no significant impact on chymase content (Fig-
ure 3J). TGF-B signaling during MC differentiation was required
to establish the MC, protease phenotype, while interruptions in
TGF-B1 signaling increased intracellular chymase levels in both
PB-MCs and polyp MC_s. Thus, our in vitro and ex vivo findings
indicate a 1-way MC granular plasticity, with MC, s having a stable
granule phenotype but MC_s increasing intracellular chymase con-
tent if TGF-f signaling is interrupted. These observations further
suggest that chymase expression is a “default” pathway for MCs and
must be actively suppressed to maintain the MC_ phenotype.

TGF-f regulation of MC surface receptor expression. MCs express a
broad repertoire of cell surface receptors responsible for fine tuning
their responses to microenvironmental cues. Across sinonasal MCs,
we observed differential expression of cytokine and growth factor
receptors (KIT, CSF2RB, ILI7RB, NTRKI) and receptors associated
with MC activation or inhibition (FCERIA, C3AR1, CD33, SIGLEC6)
(Supplemental Figure 9A). TGF-1 treatment in vitro influenced a
subset of these receptors, upregulating transcripts encoding receptors
for IL-3 (IL3RA) and IL-9 (IL9R), which can regulate MC growth
and proliferation, and NTRK1, encoding a receptor for nerve growth
factor (Figure 4A and Supplemental Figure 7B), a growth factor ele-
vated in sinus mucosa and asthmatic bronchial epithelium (22-24).
TGF-B1 upregulated expression of the o subunit of the receptor for
IL-4 (IL4R) at all time points, a signal previously found to drive ex
vivo proliferation of human intestinal MC_. (25). Further, TGF-p1
upregulated inhibitory receptors (CD22, CD33, SIGLEC6, FCGR2B)
while downregulating the transcripts encoding IL-1 family cyto-
kine receptors (ILI8RI1, ILIRLI, ILIRN) and receptors linked with
IgE-independent MC degranulation, including the platelet-activating
factor receptor (PTAFR), the complement component C3a receptor
(C34R1), and MRGPRX2, which mediates MC degranulation in
response to neuron-derived substance P and during pseudoallergic
drug reactions (Figure 4B) (26—28). Many of these receptors were dif-
ferentially expressed between polyp MC, and MC . clusters in vivo,
including enrichment of SIGLEC6 and NTRKin MC_s and ILISR1,
ILIRLI, PTAFR, and C34RI in MC,s (Supplemental Figure 9A).
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Figure 3. TGF-p signaling directs the MC_ protease phenotype during early
development. (A) Differentially expressed genes encoding granule com-
ponents in vivo (left), with violin plots for select proteases (center), and

in vitro gene expression for PB-MC stimulated with TGF-B1 for 24 hours, 6
days, or differentiated in TGF-B1 (right). Columns indicate donor-averaged
cluster expression (scRNA-Seq) or log,FoldChange versus untreated for
each donor (bulk); scale bars denote z score (scRNA-Seq) or log,FoldChange
(bulk), FDR < 0.05, log,FoldChange > 0.5 for scRNA-Seq and FDR < 0.05
for bulk (DESeq2). (B) Chymase expression and quantification in PB-MCs
treated with (red) or without (blue) TGF-B1 for 6 days versus isotype con-
trol (gray). n = 6 individual donors (t test). (C-E) Expression and quanti-
fication of (C) chymase, (D) CTSG, and (E) CPA3 in PB-MCs differentiated
with (purple) or without (blue) TGF-B1 versus isotype control (gray). n =

7-8 individual donors. **P < 0.01; ***P < 0.001; ****P < 0.0001 (t test).

(F) One-week CPA3 and tryptase p2 release in PB-MC, versus PB-MC
supernatants. n = 6 and 5 individual donors, respectively. *P < 0.05; **P

< 0.01 (Mann-Whitney). (G) Chymase expression and quantification for
PB-MCs differentiated in TGF-B1and subsequently cultured with (purple)
or without (orange) TGF-B1 for 2 weeks. n = 8 individual donors. ***P <
0.001 (t test). (H) Chymase expression and quantification for PB-MC,
cocultured with EpCs for 2 weeks supplemented with SCF (100 ng/mL), IL-6
(50 ng/mL), and the indicated concentration of LY2109761.n = 8. *P, <
0.05, **P_, < 0.01 (ANOVA) (I) Gating strategy to isolate nasal polyp MC;s
and MC_s. (J) Chymase expression and quantification for primary nasal
polyp MCs (top) or MC, s (bottom) maintained in culture media with (red)
or without (blue) TGF-B1 for 2 weeks. n = 6-7 for nasal polyp MCs. **P <
0.01 (t test). Box-and-whisker plots show median, interquartile range, and
minimum/maximum values observed.

TGF-B1 treatment impacted several transcripts associated with
the high-affinity IgE receptor signaling pathway, including upreg-
ulating transcripts encoding the FceR1 o chain (FCERIA) while
downregulating transcripts encoding the B chain (MS5442). TGF-B1
further influenced key downstream signaling pathway components,
downregulating SYK and PLCGI while upregulating LAT, LYN,
and PLCG2 (Figure 4C and Supplemental Figure 7B). Despite prior
reports of TGF-B1 downregulating murine MC FceR1a expression
and inhibiting IgE-mediated activation (29, 30), TGF-B1 treatment
did not alter FceRla surface expression on PB-MC, . (Figure 4D
and Supplemental Figure 9B), whereas FceR1la was moderately
elevated on PB-MC;s relative to PB-MC, . (Figure 4E). No differ-
ences were observed in IgE/anti-IgE-driven degranulation between
either PB-MC_ and PB-MC, ., or PB-MC, s treated with or without
TGF-B1 (Figure 4F and Supplemental Figure 9C). However, intra-
cellular staining for chymase indicated a significantly larger MFI
reduction in PB-MC, s (2938 £ 844.7) compared with PB-MC,
(719.3 £ 182.5) (Figure 4G). Thus, although degranulation levels
were similar between the 2 subsets, due to differences in granule
composition, the mediators released during the degranulation pro-
cess likely differ considerably.

As MRGPRX2 is a well-established driver of MC,. degran-
ulation (31), we evaluated MRGPRX2 surface expression and
response to its ligands. TGF-B1 treatment moderately decreased
PB-MC,. surface expression of MRGPRX2 at 24 hours, while
substantial dose-dependent downregulation was observed at 6 days
(Supplemental Figure 9D and Figure 4H). PB-MC_s displayed min-
imal MRGPRX2 expression (Figure 4H). Consequently, PB-MC,
degranulation in response to activation with the MRGPRX2 ligands
compound 48/80 and substance P was significantly reduced in a
dose-dependent manner following 6-day stimulation with TGF-f1,
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while degranulation was abolished in PB-MC,s (Figure 4I). As with
intracellular chymase content, removal of TGF-B1 from PB-MC,
culture media for 2 weeks increased MRGPRX2 expression (Figure
4]). Collectively, these findings establish that MRGPRX2 protein
expression and activity are dynamically regulated by TGF-f3, which
may have a similar effect on other IgE-independent MC activat-
ing receptors. Further, in contrast to the MC, . granule phenotype,
these observations indicate that the MC,, cell-surface phenotype
exhibits substantial plasticity.

TGF-p facilitates a distinctive MC . effector phenotype. MC effector
functions are mediated by both release of preformed mediators and
de novo production of protein and lipid mediators. Extending our
prior observations, we noted differential expression of many cyto-
kine and chemokine transcripts across polyp MC subsets in vivo.
MC, s showed elevated expression of chemokines for monocytes
and/or T cells (CCL2, CCL4, CCL23, CXCLI6), the cytokine IL13,
and the monocyte/macrophage lineage-associated growth factors
CSFI and CSF2. MC, .2 additionally expressed neutrophil chemok-
ines (CXCL2, CXCLJ3), several cytokines (IL3, LIF), and the growth
factor VEGFA (Figure 5A and Supplemental Figure 10). All MC,s
were transcriptionally enriched for a separate set of cytokines
(IL18, MIF, TGFBI, TNFSF10) (Figure 5A), while MC, 2 were fur-
ther enriched for IL5 and CCLI. Thus, MC subsets within human
nasal polyps likely carry out distinct microenvironmental-associ-
ated effector functions, potentially including regional recruitment
and retention of other leukocyte subsets.

Following our initial characterization of TGF-f1 regulation of
the MC granule and surface phenotypes, we hypothesized it could
further direct the discrete cytokine, chemokine, and growth factor
profiles enriched in nasal polyp MC_s in vivo. PB-MC_ downregu-
lated a subset of MC,-associated transcripts (LIF, CXCL16, CCL2,
CSFI) and upregulated MC -associated ones (MIF, CCLI) (Figure
5B and Supplemental Figure 7C). PB-MC,, treatment with TGF-$1
had minimal impact on inflammatory mediators. Transcripts
encoding cytokines such as IL-5 and IL-13 are typically upregulat-
ed in response to MC activation (32). Thus, we examined whether
TGF-B1 modified activation-induced MC mediator production by
activating PB-MC,. and PB-MC, . with IL-33 or IgE crosslinking.
PB-MC,s treated with TGF-B1 for 6 days were evaluated in par-
allel. Minimal baseline secretion was observed for any mediators
measured, despite constitutive transcript expression for several
(CCL2, CSF1, VEGFA, IL10) (Supplemental Figures 11 and 12). Fol-
lowing IgE cross-linking, PB-MC s secreted significantly elevated
levels of TL-5, TL-10, CCL4, and VEGF, while PB-MC, s prefer-
entially secreted IL-13 and CSF1 (M-CSF) (P, § < 0.05). No signif-
icant differences were observed in TNF-a, PDGF-A, CCL2, CSF2
(GM-CSF), or CXCL8 (IL-8) secretion following IgE crosslinking.
PB-MC,. treatment with TGF-f for 6 days increased CCL4 secre-
tion while reducing CSF1 and PDGF-A, but no significant differ-
ences were observed for IL-5, IL-10, or IL-13 (Figure 5, C and D,
and Supplemental Figure 11B).

In response to IL-33 treatment, PB-MC,s again produced
significantly more IL-5, while PB-MC, s preferentially produced
IL-13 (Figure 5E and Supplemental Figure 12A). In contrast to IgE
crosslinking, following IL-33 activation, PB-MC_s produced sig-
nificantly less IL-10, IL-8, and CCL2 (Figure 5E and Supplemen-
tal Figure 12A). No significant differences were observed between
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Figure 4. TGF-p selectively regulates MC expression of activating receptors. (A-C) Heatmaps of select differentially expressed transcripts encoding (A)
cytokine, chemokine, and growth factor receptors, (B) activating and inhibitory receptors, and (C) FceR1 signaling pathway components following PB-MC
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versus PB-MC,s (blue). n =

8.**P < 0.01(t test). (F) Degranulation of PB-MC s treated with or without TGF-B1 for 6 days (left) or PB-MC,s (right) at 1 hour

after activation with anti-IgE. n = 5 individual donors (ANOVA). (G) Intracellular chymase content of PB-MC,_ (light blue) and PB-MC_ (purple) at baseline and
following degranulation with anti-IgE. n = 7 individual donors. **P_ < 0.01; ***P_, < 0.001 (ANOVA). (H) MRGPRXZ expression and quantlflcatlon for PB-MC s
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PB-MC_s and PB-MCTCS for CCL4, VEGF, CSF1, PDGF-A, or
TNF-o following IL-33 stimulus (Figure 5E and Supplemental Fig-
ure 12A). Six-day treatment of PB-MC,_, with TGF-B1 significantly
increased IL-5 and CXCLS8 secretion, while inhibiting production
of IL-10 and CCL2, but again had no impact on IL-13 production
(P, 6 < 0.05) (Figure 5F and Supplemental Figure 12B). Notably,
the PB-MC mediator secretion pattern following IL-33 activation
(enhanced IL-5 with reduced IL-13 and CCL2) mirrored the differ-
ences in transcripts encoding these T2-associated factors in polyp
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MC;s versus MC, s (Figure 5A), while the secretion pattern fol-
lowing the 6-day stimulation (increased IL-5 but no difference in
IL-13 or CSF2) was suggestive of the differential expression pat-
terns observed between MC, .2 and MC, 1. Moreover, IL-33 was
far more potent than IgE crosslinking for driving cytokine produc-
tion, while IgE crosslinking drove increased chemokine secretion
(Supplemental Figures 11 and 12). Overall, this suggested a major
role for TGF-f in shaping MC cytokine and chemokine production
following activation by diverse stimuli in vivo.
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Figure 5. TGF-p selectively reshapes MC proinflammatory cytokine, chemokine, and growth factor production following IgE crosslinking. (A)
Row-normalized heatmap of differentially expressed genes associated with cytokine, chemokine, and growth factors across nasal polyp MC clusters.
Columns show averaged expression by donor; scale bar denotes z score. FDR < 0.05, log,FoldChange > 0.5 (DESeq2). (B) Heatmap showing differential-
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FDR < 0.05 (DESeq?2) (C and D) Row-normalized average data of n = 6 individual donors showing protein secretion of cytokines, chemokines, and
growth factors at 6 hours following anti-IgE activation by (C) PB-MC, s versus PB-MC,s and (D) PB-MC_s cultured with or without TGF-pB1 for 6 days.

(E and F) Row-normalized average data of n = 6 individual donors showing release of cytokines, chemokines, and growth factors at 6 hours after IL-33
stimulus by (E) PB-MC, s versus PB-MC s and (F) PB-MC_ s cultured with or without TGF-B1 for 6 days. Scale bars denote z score. *Padi < 0.05 between

activated PB-MC, and PB-MC, (ANOVA).

Enhanced eicosanoid production by MC,. As activated MCs
are well-characterized sources of arachidonic acid metabolites,
we evaluated the impact of TGF-f on eicosanoid biosynthetic
enzyme expression. Notably, both at 6 days and 7 weeks, TGF-$1
upregulated the expression of transcripts encoding 5-lipoxygenase
(ALOX5), 5-lipoxygenase activating protein (ALOX5A4P), and leu-
kotriene C, synthase (LTC4S), proteins required for LTC, synthe-
sis (Figure 6A and Supplemental Figure 7D). PTGSI, encoding
the enzyme cyclooxygenase (COX) 1, a key component of PGD,
production, was upregulated at both 6 days and 7 weeks (Figure
6A and Supplemental Figure 7D), while a trend toward PTGS2
upregulation (encoding COX-2) was also observed at 7 weeks
(FDR < 0.1). Thus, we hypothesized that TGF-f treatment would
enhance MC eicosanoid production.

Consistent with their increased expressions of 4LOX5, ALOX-
5AP, LTC4S, and COX enzymes, PB-MC_s produced significantly
more cysteinyl leukotrienes (CysLTs) and PGD, than PB-MC,_s
following IgE crosslinking (Figure 6B), while 6-day treatment of
PB-MC, s with TGF-B1 also increased secretion of both eicosa-
noids (Figure 6C). As COX-1 and COX-2 can both convert ara-
chidonic acid into PGH,), the precursor of PGD,, we assessed the
role of each enzyme in driving the increased PGD, production
observed in vitro. Treatment of PB-MC s with the COX-1-spe-
cific inhibitor SC560 significantly reduced FceR1-induced PGD,
synthesis in both groups (Figure 6, D and E), indicating a cen-
tral role for this enzyme in driving PGD, production, while the
COX-2-specific inhibitor SC236 marginally decreased PGD, pro-
duction only in TGF-B1-treated cells (Figure 6, D and E). Togeth-
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Figure 6. TGF-B enhances MC lipid mediator production. (A) Heatmap showing genes associated with eicosanoid biosynthesis differentially regulated by
TGF-B1. n = 3 individual donors. FDR < 0.05, log,FoldChange > 0.5 (DESeq2). Scale bar indicates log,FoldChange versus unstimulated control samples. (B)

CysLTs (left) and PGD, (right) production by PB-MC_ s versus PB-MC s and activated with anti-IgE for 1 hour. n = 8-9 individual donors. *P,,; <0.05**P
<0.01; ¥***p_ ,<0.0001 (ANQVA). (€) CysLTs (left) and PGD, (right) production by PB-MC, s treated with or without TGF-p1 for 6 days and activated with

adj

anti-1gE for 1 hour n =15 individual donors. * P_ ;< 0.05; o4 P, <0.001; xxREp ,<0. 0001 (ANOVA). (D and E) Effects of selective inhibitors for COX-1
(5C560) and COX-2 (5C236) on PGD, productlon by( ) PB-MC, s versus PB-MC s or (E) PB-MC, s treated with TGF-p1 for 6 days prior to activation with anti-
IgE. n = 6 individual donors. * P_, i< 0 05, ** P, ;< 0.0%; P ;< 0.001 (ANOVA) (F) Violin plots of differentially expressed genes associated with CysLTs
and PGD, biosynthesis across polyp MC clusters FDR< 0.05, IongoIdChange > 0.5 (DESeq2). (G) Gating strategy to isolate nasal polyp MC, and MC_s (left).
(H) E|:osan0|d production following activation with anti-IgE for 1 hour (right). n = 9 individual donors. * P, <0.05 **P < 0.0T; *** P . < 0.00%; ****P_ <
0.0001 (ANOVA). Box-and-whisker plots show median, interquartile range, and minimum/maximum values observed.

er, these findings suggest that MC s are poised for rapid PGD,
synthesis primarily due to TGF-B1-driven COX-1 upregulation.

Mirroring the effects of TGF-B in vitro, both in vivo MC /. clus-
ters were enriched for LTC4S, ALOX5AP, and PTGSI, with MC, 2
further enriched for ALOXS5 (Figure 6F). MC, .1 was enriched for
HPGDS, encoding hematopoietic PGD, synthase, while MC, 2
was further enriched for PTGS2. To test the functional consequenc-
es of these differential expression patterns, primary MC s and
MC s were flow sorted from nasal polyps (Supplemental Figure
6C and Figure 6G) and activated using anti-IgE. As with their in
vitro counterparts, activated MC s generated significantly higher
quantities of CysLTs compared with MC_ s and trended toward
generating more PGD, than MC, s on a per-cell basis (Figure 6H).
Thus, our findings highlight MC s as a dominant source of Cys-
LT production both in vitro and in vivo, underscoring the discrete
effector functions for MC, s and MC, s, and identify TGF-B1 as the
likely driver of the MC, effector phenotype.
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Discussion

MCs in vitro preferentially develop into chymase-expressing cells
under many culture systems, and key cytokines required for MC
development and maturation, such as SCF, IL-6, and IL-4, can
further induce chymase (33, 34). While airway EpC coculture sup-
presses chymase in cord blood—derived human MCs, the responsible
factor was not identified (35). Here, we demonstrate that TGF-p1
can elicit MC,, differentiation in vitro, allowing direct study of the
discrete functions of MC, s and MCs, and further identify TGF-
as a key regulator of MC chymase during EpC coculture. Whereas
PB-MC,. treatment with TGF-1 elicited a partial MC,-like tran-
scriptional phenotype (Figure 2), MCs differentiated in TGF-1
more strongly resembled in vivo MC, transcriptionally and unique-
ly acquired the MC, protease phenotype (Figure 2 and Figure 3).
Within sinus tissue, MC s were enriched for the TGF-B1 develop-
mental signature in both AERD and CRSwNP, while in the colon,
MC from the epithelial fraction showed significant enrichment
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relative to those from the lamina propria (Supplemental Figure 6),
together suggesting a broad role for TGF-f in directing MC,, differ-
entiation across tissues and diseases. In addition to protease content,
PB-MC_s mirror in vivo MC, transcription factor expression and
inflammatory mediator production capacity (Figure 2 and Figure
6). Thus, our findings carry potential major implications for under-
standing the role of TGF-B and MC s in disease pathogenesis.

Although commonly thought of as an antiinflammatory cyto-
kine, an emerging body of literature suggests a pathobiologic role
for TGF- in mucosal T2 inflammation (36, 37), at least partially
due to its effects on innate immune effector cells (38, 39). TGF-p
is initially secreted in a latent form that is deposited in the extra-
cellular matrix and requires activation prior to signaling (40). One
such activator, the a f integrin heterodimer, is upregulated on
damaged bronchial EpCs, which also leads to increased TGF-f
secretion (41-43). Notably, this integrin pair was significantly ele-
vated on EpC from nasal polyp tissue relative to nonpolyp control
tissue, while acute allergen challenge drove induction of tran-
scripts encoding both chains on EpCs in allergic asthmatics (Sup-
plemental Figure 4). Consequently, SMAD2/3 phosphorylation
was significantly higher in CRSwWNP epithelium relative to polyp
parenchyma (Supplemental Figure 5). Thus, the mucosal epithe-
lium in T2-high disease is likely a particularly favorable niche for
MC, development.

TGF-B is elevated in the airways of asthmatics (44-46), while
intraepithelial MC burden correlates with TGF-f levels in chronic
obstructive pulmonary disease patients (47, 48). In seasonal rhinitis,
nasal mucosal immunostaining for all TGF-f isoforms but especial-
ly TGF-p2 is elevated, while TGF-$ R1 and R2 primarily colocal-
ize with MCs (42). In EoE, a disease similarly characterized by T2
inflammation and MC_ expansion, TGFBI mRNA and TGF-f tar-
gets within the epithelium are elevated (49, 50). We observed similar
upregulation of TGFBI and TGFB2 in basal EpC from CRSwNP
relative to CRSsNP (Supplemental Figure 4). Interestingly, single
nucleotide polymorphisms at or near the TGFBRI, SMAD3, and
SMADEG loci are linked to asthma risk (51, 52), and at least 1 such
polymorphism localizes to an open chromatin region in human MCs
(32). Thus, elevated TGF-f signaling during T2 mucosal inflamma-
tion is closely linked with MC, expansion, making it tempting to
speculate that polymorphisms in the TGF-f signaling pathway could
play a direct role in driving changes in MC function related to disease
pathogenesis. While our findings support a likely role for TGF-f sig-
naling in MC, development across tissues and disease states, further
studies will be required to confirm this hypothesis.

While PB-MC,, treatment with TGF-B1 suppressed expression
of CMAI and CTSG at the transcript level, it had minimal impact
on intracellular protease content of either PB-MC, s or primary
MC, s cultured ex vivo (Figure 3), suggesting that MC proteases
are highly stable once packaged within secretory granules. Howev-
er, both expression and function of MRGPRX2, an MC, -associat-
ed G-protein—coupled receptor that plays a role in host defense and
neuroimmune interactions, was suppressed following short-term
TGF-B1 treatment (Figure 4). TGF-B1 treatment also enhanced
PB-MC,. eicosanoid production and modified cytokine, chemok-
ine, and growth factor secretion following activation (Figure 5 and
Figure 6). The contrasting stability of the MC . protease phenotype
and plasticity of its surface and effector phenotype indicates the
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potential for the MC immunophenotype and effector phenotype to
become uncoupled if TGF-f levels increase following MC matura-
tion, adding an additional layer of complexity to MC heterogeneity.
In contrast, we observed MC,, granule phenotype plasticity in both
PB-MC_s and primary MC_s cultured ex vivo (Figure 3). This indi-
cates that continued TGF-f signaling is required to maintain the
MC, phenotype and suggests that interruption in TGF-B signaling
in the epithelium could lead to chymase incorporation, resulting in
“ex-MC,” intraepithelial MCs with MC,-like protease expression
profiles. This has clear implications in diseases in which MC_ s can
be observed in the epithelium, such as severe asthma and the glan-
dular epithelium of nasal polyps (4, 6).

The differential expression of proinflammatory mediator tran-
scripts between polyp MC_s and MC,_ s (Figure 5A) suggested dif-
ferential microenvironmentally regulated capacity to drive inflam-
mation. Supporting this concept, PB-MC,s secreted more IL-5 but
less TL-13 relative to PB-MC,. following activation with either
IL-33 or IgE crosslinking, mirroring the differential expression of
these transcripts in polyp MCs (Figure 5). Both IL-5 and IL-13 are
elevated in polyp sinonasal tissue extracts compared with controls,
and IL-5 immunoreactivity was previously found to be restricted to
MC,s in asthmatic bronchial mucosal biopsies (53, 54). This sug-
gests enhanced MC,, crosstalk with cells expressing the IL-5 recep-
tor, such as eosinophils and IL-5R—expressing plasma cells, both of
which are notably elevated in CRSwWNP (55-57). The reduction of
polyp size observed following therapeutic IL-5 neutralization may
work in part through countering the actions of IL-5 released by
MCs (58), whereas the efficacy of IL-4Ra blockade may in part
reflect neutralization of MC, . secreted IL-13 (59).

Our ex vivo studies indicated that MC_s are both transcrip-
tionally and functionally primed for LTC, and PGD, genera-
tion relative to MC_ s and implicate TGF-B as a central driver
of this distinction. This suggests MC_s may drive both the high
steady-state levels of LTC, and PGD, metabolites identified in
the urine of AERD patients and the subsequent increase in these
mediators, in conjunction with elevations in serum histamine
and tryptase, following clinical reactions to aspirin challenge
(60, 61). CysLTs and PGD, contribute to the severe T2 sinon-
asal and bronchial inflammation that characterizes AERD both
through their actions as bronchoconstrictors and through elicit-
ing chemotaxis and activation of T helper type 2 cells and group
2 innate lymphoid cells (62, 63). Notably, while our functional
and transcriptional data indicate that TGF-B—-inducible COX-1
is the dominant regulator of PGD, production by PB-MC_s and
PB-MC, s in vitro, COX-2 is transcriptionally enriched in MC s
in vivo. This may explain why no significant differences in PGD,
production were observed between primary MC subsets ex vivo
and likely indicates the presence of other in vivo signals regulat-
ing MC eicosanoid production.

In summary, our data strongly support a role for TGF-f sig-
naling within the epithelium inducing MC polarization toward the
MC, phenotype, thereby directly altering their effector capacity.
TGF-B can drive MC,, differentiation in vitro, creating a power-
ful tool for investigating their role in diseases. However, PB-MC,_
do not fully recapitulate the in vivo MC, phenotype, underlining
that the ultimate phenotype of inflammation-driven MC s is like-
ly directed by the combined effect of both microenvironment and
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inflammation-associated signals such as IL-4, previously shown to
similarly upregulate a portion of nasal polyp MC -associated tran-
scripts (3). The selective potential of MC s to produce T2-facilitat-
ing lipid mediators and IL-5 and MC,s to produce IL-13 illustrate
their discrete contribution to eosinophil-rich tissue inflammation
and suggest the potential to therapeutically target individual MC
subsets in instances where their principal activation products are
major contributors to disease pathobiology.

Methods

Sex as a biological variable. The study was conducted using samples
from both female and male donors. Sex was not considered as a bio-
logical variable.

Cell culture. CD34" cells were isolated from PB of human donors
obtained from Brigham and Women’s Hospital. For RNA-Seq, buffy
coats from consented donors were purchased from Research Blood
Components, LLC. PB mononuclear cells were isolated using Ficoll
paque density gradient centrifugation prior to CD34* cell isolation
using a CD34 MicroBead UltraPure Kit (Miltenyi Biotec) following
the manufacturer’s protocol. Isolated cells were seeded at 150,000
cell/ml in StemSpan SFEM media (StemCell Technologies) contain-
ing SCF at 100 ng/ml, IL-6 at 50 ng/ml, IL-3 at 1 ng/ml for the first
3 weeks of culture (PeproTech), and penicillin/streptomycin at 1:100
(Invitrogen) (MC differentiation conditions). For studying the effect
of TGF-B on MC development, TGF-p1 (PeproTech) at 1 ng/ml was
added to CD34" cells cultured under MC differentiation conditions
as defined above and maintained for the duration of culture. Media
was changed weekly, and after 7 weeks, the cells had reached at least
95% purity and were used for downstream experiments. For short-term
TGF-B1 treatment, mature MCs were treated for 6 days with 1 ng/ml
of TGF-B1 in StemSpan media (STEMCELL Technologies) contain-
ing SCF at 100 ng/ml.

For ex vivo culture, MC s and MC, s were flow sorted from disso-
ciated nasal polyp tissue and cultured for 2 weeks in StemSpan SFEM
media containing 100 ng/ml SCF with or without 1 ng/ml TGF-B1.

For MC/EpC coculture, PB-MC s were seeded with primary
sinus EpCs expanded ex vivo from ethmoid sinus tissue as previously
described (13) and used at passage 1 or 2. MCs and EpCs were seeded
ata 1:5 ratio (MC:EpC) on trans-well inserts (Corning) coated with col-
lagen (STEMCELL Technologies) for 9 days with media changes every
3 days. Coculture media consisted of a 50% (v/v) mixture of StemSpan
SFEM and PneumaCult Ex (STEMCELL Technologies), supplement-
ed with SCF at 100 ng/ml and IL-6 at 50 ng/ml, and maintained for
the duration of coculture in the presence or absence of the TGF-pR
dual kinase inhibitor LY2109761 (Cayman) at defined concentrations.

Cell activation. PB-MCs were incubated with human myeloma IgE
(Athens Research and Technology) at 2 pg/ml overnight and washed
prior to activation with anti-human IgE (Chemicon) at 5 pg/ml in cell
culture media containing 100 ng/ml SCF. In other experiments, cells
were activated with IL-33 (PeproTech) at 10 ng/ml or the MRGPRX2
ligands substance P (MilliporeSigma) and compound 48/80 (Milli-
poreSigma) as described in figure legends. Culture supernatants were
collected following stimulation for ELISA analysis. For flow cytometric
evaluation of MC degranulation, anti-human LAMP-1 was added to
the samples at the time of cell activation. One hour after activation,
cells were collected and washed followed by flow cytometric evaluation
of cell-surface LAMP-1.
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To activate nasal polyp MC subsets ex vivo, flow-sorted cells were
rested overnight in StemSpan SFEM containing 100 ng/ml SCF. Cells
were activated with anti-human IgE (Chemicon) at 5 pg/ml in Stem-
Span SFEM containing 100 ng/ml SCF for 1 hour.

For additional Methods, see Supplemental Methods.

Statistics. Number of biological samples included in analyses are
listed throughout figure legends. Statistical analyses were performed
using GraphPad Prism, version 8.1.2, and DESeq2 or Seurat 5, imple-
mented in RStudio. Violin plots were generated using Graphpad
Prism using data exported from Seurat to allow display of median and
quartile values. For comparison of 2 samples, the ratio paired ¢ test or
Mann-Whitney U test (2-tailed) was used where appropriate. For com-
parison of 3 or more samples, 1-way ANOVA of transformed values
(natural logarithm) or nonparametric test was used where appropriate.
For RNA-Seq analysis, FDR values of less than 0.05 were considered
significant, with an additional cutoff of log,FoldChange greater than
0.5 where indicated. For all nonsequencing-based experiments, P <
0.05 (following adjustment for multiple comparisons when applicable)
was considered significant.

Study approval. Ethmoid sinus tissue was obtained from partici-
pants between the ages of 20 to 80 years recruited from the Brigham
and Women’s Hospital Allergy and Immunology clinics and Otolar-
yngology clinics between 2019 and 2022 (Supplemental Table 7). The
study was approved by the Institutional Review Board with all study
participants providing written consent. Tissue was collected at the time
of elective endoscopic sinus surgery from patients with physician-di-
agnosed CRSwNP or CRSsNP. Patients with polyps included diagno-
sis of both aspirin-tolerant CRSwNP and aspirin-intolerant AERD. A
diagnosis of AERD was suspected for patients with asthma, nasal pol-
yposis, and a history of respiratory reaction following usage of cycloo-
xygenase inhibitors, and all diagnoses were confirmed via graded oral
challenge with aspirin.

Data availability. Underlying data for all figures can be found in
the associated raw data file. Full differential expression analysis and
pathway analysis can be found in supplemental data. Sequencing
data for single-cell RNA-Seq and bulk RNA-Seq have been deposit-
ed in the NCBI's Gene Expression Omnibus (GEO GSE279289 and
GSE279240, respectively). Values for all data points in graphs are
reported in the Supporting Data Values file.
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