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Mast cell accumulation is a hallmark of a number of diseases, including allergic asthma

and systemic mastocytosis. Immunoglobulin E–mediated crosslinking of the FceRI

receptors causes mast cell activation and contributes to disease pathogenesis. The mast

cell lineage is one of the least studied among the hematopoietic cell lineages, and

controversies remain about whether FceRI expression appears during the mast cell

progenitor stage or during terminal mast cell maturation. Here, we used single-cell

transcriptomics analysis to reveal a temporal association between the appearance of

FceRI and the mast cell gene signature in CD341 hematopoietic progenitors in adult

peripheral blood. In agreement with these data, the FceRI1 hematopoietic progenitors

formed morphologically, phenotypically, and functionally mature mast cells in long-term

culture assays. Single-cell transcriptomics analysis further revealed the expression

patterns of prospective cytokine receptors regulating development of mast cell progenitors.

Culture assays showed that interleukin-3 (IL-3) and IL-5 promoted disparate effects on

progenitor cell proliferation and survival, respectively, whereas IL-33 caused robust FceRI

downregulation. Taken together, we showed that FceRI expression appears at the progenitor

stage of mast cell differentiation in peripheral blood. We also showed that external stimuli

regulate FceRI expression of mast cell progenitors, providing a possible explanation for the

variable FceRI expression levels during mast cell development.

Introduction

Mast cells contribute to the pathogenesis of various diseases, including allergies, asthma, and mastocyto-
sis.1 One of the mast cells’ main responses follows immunoglobulin E (IgE)–allergen immune complex
crosslinking of the high-affinity IgE receptors, FceRIs, on the cell surface. This event leads to mast cell
activation and degranulation, ultimately causing an allergic response. The signaling that follows FceRI
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Key Points

� Mast cell
differentiation is
unlinked from FceRI
upregulation.

� IL-3, IL-5, and IL-33
promote disparate
effects on mast cell
progenitor prolifera-
tion, survival, and
FceRI regulation.
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crosslinking has been studied in detail. However, the regulation of
FceRI expression during human mast cell development is unclear
and has remained a disputed subject.

The consensus is that mast cell progenitors exhibit low, if any, FceRI
expression.2 This view favors a mechanism in which FceRI expression
is upregulated during terminal mast cell maturation.3 Evidence includes
in vitro–based cell culture experiments, which show that FceRI expres-
sion appears after the decrease of the progenitor marker CD34.4,5

Existence of FceRI2 and FceRI1 primary mast cells in asthmatic lungs
also supports the view that FceRI is a late event in mast cell matura-
tion.6 By contrast, some studies present an opposing view and sug-
gest that FceRI expression may appear already at the progenitor stage.
For example, short-term culture of FceRI1 hematopoietic progenitors in
multi-cytokine conditions produces cells with mast cell–like characteris-
tics.7 However, available studies have not cultured FceRI1 hematopoi-
etic progenitors in mast cell–promoting conditions for an extended
period of time,7,8 which is typical for studying in vitro–derived mast
cells.9 Thus, the controversy of whether FceRI is an early or late event
during mast cell differentiation remains unresolved.

The current investigation aimed to chart human hematopoiesis with a
focus on mast cell progenitor differentiation. Specifically, the study
aimed to decipher the appearance of FceRI during mast cell develop-
ment and to identify factors that regulate mast cell progenitors. We
performed single-cell transcriptomics analysis of adult peripheral
blood progenitors and revealed a differentiation trajectory in which
the appearance of a mast cell gene signature was associated with
upregulation of FceRI at the gene and protein level. In agreement
with this, sorted and long-term cultured FceRI1 peripheral blood pro-
genitors formed cells that phenotypically, morphologically, and func-
tionally exhibited features of mast cells. We next examined the gene
expression patterns of cytokine receptors and the effects of various
cytokines on FceRI1 primary mast cell progenitors, showing the dis-
parate effects of interleukin-3 (IL-3) and IL-5 on proliferation and sur-
vival. Notably, we revealed that IL-33 was able to modulate FceRI
expression on mast cell progenitors. Taken together, FceRI can be
present at the mast cell progenitor stage, but microenvironmental
conditions are able to fine-tune FceRI expression in these cells.

Methods

Ethics statement

The Swedish Ethical Review Authority and the Regional Review
Board in Stockholm approved the study, and the subjects provided
informed consent to participate in the study.

Cell isolation, culture, and analysis

Cells from healthy donors were extracted from donated buffy coat frac-
tions of peripheral blood, whereas cells from patients with systemic
mastocytosis were extracted from peripheral blood. Results given here
are derived from analysis of healthy donors unless otherwise stated.
Ficoll separation isolated blood mononuclear cells from the buffy coats.
c-Kit1 cells were extracted with the CD117 Microbead Kit (Miltenyi
Biotec, Bergisch Gladbach, Germany). Cells were cultured in com-
plete StemPro-34 serum-free medium (Gibco/Thermo Fisher Scientific,
Waltham, MA) with 2 mM L-glutamine (Cytiva HyClone, Global Life Sci-
ences Solutions USA, Marlborough, MA), 100 U/mL penicillin, and 0.1
mg/mL streptomycin (Cytiva HyClone). The recombinant cytokines
IL-3, IL-6, thrombopoietin, IL-33, granulocyte-macrophage colony-

stimulating factor (GM-CSF), FMS-like tyrosine kinase 3 ligand (Flt3L)
(all from PeproTech, Rocky Hill, NJ), IL-5 (PeproTech and R&D Sys-
tems, Minneapolis, MN), erythropoietin (EPO) (Janssen-Cilag AB,
Solna, Sweden), and stem cell factor (Swedish Orphan Biovitrum,
Stockholm, Sweden) supplemented the medium. Cytokine concentra-
tions are specified in the figures and figure legends.

In selected experiments, cells were starved of stem cell factor over-
night before flow cytometry analysis to prevent c-Kit internalization
and promote c-Kit upregulation.10 Cytocentrifugation was performed
by using Shandon Octospot (Thermo Fisher Scientific) where the
cell numbers were limited. Tryptase staining was performed as
described by using Z-Gly-Pro-Arg-4-Methoxy-b-naphthylamide sub-
strate.11 Cytocentrifuged cells were stained with May-Gr€unwald
and Giemsa solutions (Sigma-Aldrich/Merck, Munich, Germany). To
investigate mast cell activation, cultured cells were incubated with
human IgE overnight. The cells were analyzed by flow cytometry fol-
lowing treatment with mouse anti-human IgE (GE-1) (Sigma-Aldrich).

Flow cytometry

Antibodies used for flow cytometry analysis included CD3 (SK7),
CD14 (M5E2), CD19 (HIB19), CD15 (W6D3), CD34 (581), CD63
(H5C6), CD117 (A3C6E2 and 104D2), FceRI (CRA-1), and b2-
microglobulin (2M2). TotalSeq-B0953 PE Streptavidin was used to
visualize b2-microglobulin/biotin labeling during fluorescence-activated
cell sorting (FACS) and single-cell transcriptomics analysis. The viabil-
ity dyes 4',6-diamidino-2-phenylindole and 7-aminoactinomycin D were
used where appropriate (BD [Franklin Lakes, NJ] and Thermo Fisher
Scientific). CellTrace Far Red (Thermo Fisher Scientific) served as a
marker of proliferation. The Canto II or LSRFortessa flow cytometer
was used to analyze cells (BD Biosciences, San Jose, CA). FACS on
the FACS Aria Fusion system (BD Biosciences) isolated specific cell
subsets. FlowJo v10 software (BD Life Sciences, Ashland, OR) was
used to analyze the data.

Single-cell transcriptomics analysis

Lin2 c-Kit1 cells were isolated with FACS and processed by using
the Chromium Single Cell 39 Reagents Kit v2 (10X Genomics, Pleas-
anton, CA). The library was sequenced on the NovaSeq 6000 SP
flow cell with the 26-8-0-96 read setup. An antibody hashtag-based
approach distinguished the single-cell transcriptomes of Lin2 CD341

c-Kit1 and Lin2 CD341 c-Kit1 FceRI1 hematopoietic progenitors.
Briefly, a sample with c-Kit1 cells enriched by magnetic-activated cell
sorting was divided into 2 fractions. One fraction was stained with bio-
tinylated b2-microglobulin antibody, which universally targets all cells,
and the other fraction with unlabeled b2-microglobulin antibody. Each
cell fraction was then incubated with flow cytometry antibodies plus
oligonucleotide-labeled streptavidin-phycoerythrin (PE). Lin2 CD341

c-Kit1 cells without the hashtag (PE2) and Lin2 CD341 c-Kit1

FceRI1 cells with the hashtag (PE1) underwent FACS. The sorted
cells were pooled and processed by using the Chromium Next GEM
Single Cell 39 Reagent Kit v3.1 (dual index) with Feature Barcode
technology for Cell Surface Protein (10X Genomics). The gene expres-
sion and antibody libraries were sequenced on the NovaSeq 6000 SP
flow cell with the 28-10-10-90 read setup. The Cell Ranger pipeline
and SCANPY12 were used to process the sequencing data. The first
gene expression library was generated from one buffy coat. An inde-
pendent buffy coat and single-cell RNA-sequencing run were used to
generate the second library. Details regarding the bioinformatics analy-
sis are provided in the supplemental Methods.
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Statistical analysis

Statistical analysis was performed by using Prism software v9
(GraphPad software, La Jolla, CA). P , .05 was considered signifi-
cant. The statistical tests used are specified in the figure legends.

Results

Single-cell transcriptomics reveals blood cells

expressing mast cell genes and Fc«RI subunit genes

The developmental stage at which mast cells upregulate FceRI expres-
sion has yet to be determined. To investigate whether FceRI may
appear at the hematopoietic progenitor stage, we performed single-
cell RNA-sequencing analysis of cells isolated from healthy peripheral
blood, in which mature mast cells are absent. Sorting Lin2 c-Kit1 cells
allowed us to profile a spectrum of differentiating hematopoietic pro-
genitor cells using droplet-based single-cell RNA- sequencing. We
visualized the 6874 single-cell transcriptomes in 2 dimensions using
the Uniform Manifold Approximation and Projection (UMAP) technique
(Figure 1A). Plotting established marker genes for various lineages
enabled annotation of the main branches and populations of the hema-
topoietic landscape (Figure 1A; supplemental Figure 1).13-16 We also
noted a distinct cluster of cells with a mast cell gene signature
(TPSAB1, TPSB2, and HDC), hereon referred to as cluster A (Figure
1A-B). Notably, cells in cluster A expressed the genes FCER1A,
MS4A2, and FCER1G that code for the 3 subunits of FceRI.

We next devised a plan to generate a second single-cell RNA-
sequencing data set that would capture the spectrum of hemato-
poietic progenitors and cells with the mast cell–like phenotype
at high resolution. To determine the isolation strategy of this
prospective data set, we first plotted CD34 expression on the
Lin2 c-Kit1 landscape, visualizing the hematopoietic progenitor
cells (Figure 1C). Cluster A cells exhibited residual CD34
expression, which indicated that these cells also had an imma-
ture phenotype. Flow cytometric analysis verified the presence of
a CD341 FceRI1 subpopulation among sorted Lin2 c-Kit1 cells
(Figure 1D). These cells exhibited lower CD34 protein expres-
sion than the bulk of the CD341 cell population, which agrees
with the low CD34 gene expression levels in cluster A. The results
suggested that the generation of a Lin2 CD341 c-Kit1 data set
would capture a spectrum of hematopoietic progenitor cells and
include Lin2 CD34lo c-Kit1 FceRI1 mast cell progenitor–like cells,
hereon referred to as population A.

Single-cell transcriptomics reveals an association

between Fc«RI expression and a mast cell gene

signature in hematopoietic progenitors in

peripheral blood

Population A is an FceRI1 subset of the larger Lin2 CD341 c-Kit1

cell fraction (Figure 2A). However, retrospective identification of pop-
ulation A cells within a Lin2 CD341 c-Kit1 single-cell transcriptomics
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data set is challenging, as population A is defined based on surface
protein phenotype. We took advantage of a cell hashing–based
method for single-cell RNA-sequencing to generate a single compre-
hensive data set of peripheral blood progenitors with additionally
enriched (spiked-in) barcoded population A cells.17 Briefly, dividing
the sample of cells before FACS isolation allowed labeling of a fraction
of the cells with PE-oligonucleotide barcodes, which can be detected
by using the single-cell RNA-sequencing protocol (Figure 2B). We
subsequently sorted PE-oligonucleotide–labeled population A cells
(ie, Lin2 CD341 c-Kit1 FceRI1 cells) and pooled these cells with unla-
beled hematopoietic progenitors (supplemental Figure 2). Flow cytom-
etry analysis of the cell pool revealed a bimodal distribution of the
PE-oligonucleotide, which was suggestive of successful barcoding,
and revealed that 29% of the cells represented spiked-in population A
cells (Figure 2C). Single-cell RNA-sequencing with feature barcoding
technology allowed simultaneous measurement of gene expression
and PE-oligonucleotide barcode levels of the pooled cells. Plotting
the entire single-cell transcriptomics data set using UMAP revealed
the erythrocyte and neutrophil entry points (Figure 2D), as well as
the expected enriched mast cell–like progenitors, population A
(Figure 2D-G; supplemental Figures 3-4). Visualization of population A
on the hematopoietic landscape highlighted that this population reca-
pitulated the cluster A from Figure 1A and that this population could
be divided into 2 clusters, population A1 and A2 (Figure 2D,G). Differ-
ential expression testing revealed that population A2 exhibited a more
mature phenotype than population A1, including higher levels of tryp-
tase (supplemental Figure 5).

To study the temporal association between population A signature
genes and FceRI subunit genes, we reconstructed the differentiation
trajectory from multipotent progenitors, through an intermediate cell
cluster and population A1, to population A2 cells. The single-cell
gene expression profiles allowed temporal ordering of the cells
according to their differentiation state along the trajectory. Dynami-
cally regulated genes18 were identified by leveraging cell clustering
and diffusion pseudotime inferences (Figure 2H). Correlation analy-
sis between gene expression levels and differentiation stage gave
rise to a gene signature associated with population A (Figure 2I).
The signature genes of population A included genes involved in the
production of proteases (CPA3, TPSAB1, and TPSB2), granule-
associated mediators (HDC and SRGN), FceRI (FCER1A, MS4A2,
and FCER1G), cell differentiation and survival (KIT), cell activation
(CD63), and prostaglandin-associated enzymes (HPGDS and
HPGD). We next investigated the similarities between the popula-
tion A signature genes and the well-defined (mature) mast cell
genes described in Motakis et al.19 Of note, 9 of 14 well-defined

mast cell genes were represented within population A signature
genes (supplemental Table 1).

We next focused on the temporal upregulation of hallmark mast cell
genes and their relation to FceRI subunit genes during the differenti-
ation from multipotent progenitors to population A cells. Plotting the
gene expression along the trajectory revealed that upregulation of
the mast cell genes TPSAB1, TPSB2, and HDC sharply increased
upon differentiation into early population A cells (Figure 2J).
FCER1A, which codes for the a subunit of FceRI, was expressed in
progenitors preceding the population A stage. However, mast cells
express all three FceRI subunits; that is, the a, b, and g subunits.
Notably, the g subunit is required for surface expression of the
FceRI protein,20,21 and the corresponding gene, FCER1G, is upre-
gulated together with the mast cell genes and specifically in popula-
tion A along with the actual surface expression of the receptor
(Figure 2E,G,J). Taken together, the single-cell transcriptomics analy-
sis shows an association between FceRI and the appearance of a
mast cell gene signature.

Hematopoietic progenitors expressing Fc«RI rapidly

form mast cells in vitro

The association between the mast cell signature and the FceRI sub-
unit genes in CD341 progenitors prompted us to investigate
whether population A exhibited mast cell–forming potential. Popula-
tion A progenitors underwent FACS and culture, using FceRI2 pro-
genitors as a reference. The isolated progenitors were cultured long
term in mast cell–promoting conditions (Figure 3A), similar to previ-
ous studies.22,23

A combination of flow cytometry, cytochemical staining, and enzy-
matic staining to assess tryptase activity was used to establish the
phenotype after long-term culture (Figure 3A). The progenitors, irre-
spective of initial FceRI expression, exhibited potential to form c-Kithi

mast cells (Figure 3B-C). However, flow cytometry analysis revealed
that population A progenitors exhibit a more rapid progression into
the c-Kithi mast cells phenotype compared with FceRI2 progenitors.
Similarly, morphologic analysis revealed that population A progeni-
tors quickly formed granulated tryptase-expressing mast cells
(Figure 3D-E). Crosslinking the FceRI receptors on the resulting
mast cells caused upregulation of the activation marker CD63 on
the cell surface (Figure 3F).

It has previously been proposed that mast cells from patients with
mastocytosis originate from CD341 FceRI2 progenitors.5 We iso-
lated population A cells from 3 patients with systemic mastocytosis
to investigate whether FceRI1 hematopoietic progenitors also
formed mast cells. Similar to findings in healthy control subjects,

Figure 2 (continued) Single-cell transcriptomics reveals a temporal association between Fc«RI and the mast cell gene signature. (A) Representation of the

cells in the first data set relative to the cells in the prospective second data set. (B) Experimental approach to hashtag a cell subset with a PE-oligonucleotide barcode. (C) Post-sort

flow cytometry analysis of pooled cells, constituting Lin2 CD341 c-Kit1 cells without and Lin2 CD341 c-Kit1 FceRI1 cells with the PE-oligonucleotide hashtag. (D) UMAP

visualization of the entire Lin2 CD341 c-Kit1 data set (4063 cells). The colors indicate Leiden clusters. Panels E and G and supplemental Figure 3 provide landscape

annotation. Population A (Pop A) consisted of 2 main clusters, Pop A1 and Pop A2. (E) Gene expression levels of mast cell genes and FceRI subunit genes. (F) Histogram showing

the distribution of the PE-oligonucleotide in the single-cell transcriptomics data, resembling the flow cytometry data in panel C. Gray bins represent ambiguous events. (G) Plots

showing the PE2 Lin2 CD341 c-Kit1 cells and PE1 Lin2 CD341 c-Kit1 FceRI1 cells (population A). (H) Visualization of highly dynamic genes along the mast cell differentiation

trajectory. Cells are ordered according to cluster and pseudotime. (I) Visualization of dynamic genes that positively correlate with rank ordering, also referred to as Pop A signature

genes. (J) Plot showing the temporal upregulation of mast cell genes and FceRI subunit genes. The blue to yellow color gradients in panels H and I specify low to high gene

expression. One buffy coat, independent of the buffy coat used for Figure 1, was used to produce the data presented in panels C to J. Ab, antibody; Ery, erythroid; Ly/Mono/DC,

lymphocyte/monocyte/dendritic cell; MNCs, mononuclear cells; MPP, multipotent progenitor; Neu, neutrophil; scRNA-seq, single-cell RNA-sequencing.
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population A cells from patients gave rise to mast cells after long-
term culture (Figure 3G-H).

Taken together, both population A cells and FceRI2 hematopoietic
progenitors exhibit the ability to form functional mast cells. Strikingly,
the cell culture assays revealed that population A progenitors obtain
a mast cell phenotype more rapidly than FceRI2 progenitors. This is
in agreement with the upregulated mast cell gene signature of pri-
mary population A progenitors compared with that of FceRI2 pro-
genitors (Figure 2).

IL-3 and IL-5 induce disparate proliferative and

survival-promoting effects on mast cell progenitors

The culture assays showed that population A cells constituted mast
cell progenitors. Whether cytokines can stimulate or modulate the
phenotype of primary mast cell progenitors is largely unexplored. To
identify cytokines with the potential to influence mast cell progenitor
functions, we plotted the gene expression patterns of selected cyto-
kine receptors that are known to maintain hematopoietic progenitors
or promote their differentiation (Figure 4). Mast cell progenitors

Figure 3 (continued) Fc«RI1 hematopoietic progenitors exhibit mast cell–forming potential in health and disease. (A) Experimental setup to analyze mast cell

differentiation. The study used 10 ng/mL IL-3, 50 ng/mL IL-6, and 100 ng/mL stem cell factor (SCF). (B-C) Flow cytometry analysis of cultured progenitors. Filled histograms

show isotype control staining. The results in panel B are quantified in Ci-ii (n 5 6). (D) May-Gr€unwald Giemsa staining. (E) Tryptase staining (day 0, one experiment; days

7-28 from an individual experiment, culture experiment performed 6 times). Microscope: Olympus AX70 with XC10 camera. (Fi) Functional analysis of mast cells derived

from hematopoietic progenitors. The CD63 gate that defines mast cell activation was set to ensure that the IgE-only group showed ,1% positive events. (Fii) Quantification

of activated mast cells in panel Fi (n 5 3). Lines link samples from the same donor. (G) Progenitors from patients with systemic mastocytosis were sorted and cultured as

indicated in panel A. Cultured FceRI2 progenitors and cultured population A (Pop A) cells from each patient were analyzed by using flow cytometry on the same day (days

28-30, depending on donor). Analysis of aberrant markers was not performed. (H) Quantification of the results in panel G (n 5 3). Lines link samples from the same donor.

Two-tailed unpaired t tests; *P , .05, **P , .01, ****P , .0001. MCs, mast cells; ns, not significant.
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expressed the IL-3 receptor a (IL3RA) and IL-5 receptor a (IL5RA)
chains but no or low expression of the GM-CSF receptor a
(CSF2RA) chain. The cytokine receptor common subunit b
(CSF2RB), which forms heterodimers with the aforementioned a
chains, was also expressed. Expression of the EPO receptor
(EPOR) was present in mast cell progenitors, whereas thrombo-
poietin receptor (MPL) and FLT-3 (FLT3) was low or undetectable.
Notably, we also observed specific expression of the IL-33 receptor
IL1RL1 in mast cell progenitors.

Next, we explored the effects of the corresponding ligands (ie, IL-3,
IL-5, GM-CSF, EPO, thrombopoietin, Flt3L, IL-33) on primary mast
cell progenitors. Hematopoietic progenitor cells were isolated by
magnetic-activated cell sorting and then stimulated with the individ-
ual cytokines. Flow cytometry analysis quantified the frequency of
c-Kithi FceRI1 cells after 5 days in culture with the relevant cytokine
(Figure 5A). In some experiments, the hematopoietic progenitors
were labeled with CellTrace Far Red to enable analysis of the prolif-
erative response to the cytokine. Treatment with IL-3 resulted in
robust maintenance of c-Kithi FceRI1 cells, and this condition was
therefore used as a reference in all experiments. Of the other cyto-
kines analyzed, only IL-5 maintained the c-Kithi FceRI1 cell popula-
tion above background levels (Figure 5B). Notably, sorted primary
mast cell progenitors exhibited a c-Kithi FceRI1 phenotype despite
culture with IL-3 or IL-5, cytokines that promote basophil and eosin-
ophil generation (supplemental Figure 6).

CellTrace Far Red staining revealed that IL-3 induced strong prolif-
eration of mast cell progenitors (Figure 5C). By contrast, IL-5 failed
to stimulate robust cell proliferation. We titrated the IL-5 concentra-
tion to investigate whether increasing concentrations of IL-5 pro-
moted mast cell progenitor proliferation. However, concentrations
up to 100 ng/mL IL-5 failed to induce a strong proliferative
response (Figure 5D). The proliferation-promoting effect of IL-3 was
concentration dependent, with low concentrations inducing little pro-
liferation, as expected (supplemental Figure 7).

Taken together, the results show that IL-3 and IL-5 exhibit disparate
proliferative and survival-promoting effects on the mast cell
progenitors.

IL-33 downregulates Fc«RI expression on mast cell

progenitors

Most cytokines investigated failed to maintain a high fraction of
c-Kithi FceRI1 cells after in vitro culture (Figure 5B). However, the
cytokines investigated can potentially regulate pathways unrelated
to survival and proliferation, which include alteration of the cell sur-
face phenotype. Given the debate on whether mast cell progenitors
express FceRI, we specifically analyzed whether any cytokine shows
potential to downregulate FceRI on primary mast cell progenitors.
We cultured hematopoietic progenitors with IL-3 plus one additional
cytokine to maintain precursors of mast cells in culture, while
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simultaneously enabling analysis of individual cytokines’ effects on
FceRI expression. IL-5, GM-CSF, EPO, thrombopoietin, and Flt3L
failed to modulate FceRI expression (Figure 6A). By contrast, IL-33
induced strong downregulation of FceRI on mast cell progenitors.
To explore whether IL-33 exerted a direct effect on mast cell pro-
genitors, we first FACS isolated mast cell progenitors and subjected
them to IL-3 alone or in combination with IL-33 (Figure 6B-C). Addi-
tion of IL-33 caused robust FceRI downregulation, consistent with
the results in which c-Kit1 cells were stimulated in bulk (Figure
6A,C). Taken together, exposure to IL-33 leads to the downregula-
tion of FceRI in primary mast cell progenitors.

Discussion

Here, we show that FceRI expression appears at the hematopoietic
progenitor stage of mast cell differentiation in peripheral blood, chal-
lenging the idea that FceRI upregulation is a late event during mast
cell maturation. We also found that IL-33 induces FceRI downregu-
lation in primary FceRI1 mast cell progenitors, which unlinks the
FceRI levels from mast cell differentiation.

FceRI expression has been assumed to increase with mast cell
maturation.3 Aberrant mast cells without FceRI expression are
observed in a subset of patients with systemic mastocytosis,
contributing to the general view that mast cells originate from
FceRI2 progenitors. The inability to detect CD341 FceRI1 pro-
genitors in a study of patients with systemic mastocytosis has
further strengthened this view.5 We confirm that FceRI2 progeni-
tors in patients exhibit a mast cell–forming capacity. However,
we were also able to isolate a population of FceRI1 progenitors,
and these cells gave rise to mast cells. Thus, FceRI1 progenitors
constitute a potential source of mast cells in patients with sys-
temic mastocytosis. The inability to detect FceRI1 progenitors in
a previous report of patients with systemic mastocytosis and nor-
mal control subjects is likely attributed to the difference in the
method to enrich for hematopoietic progenitors, as Rottem et al5

and the current investigation both used peripheral blood as start-
ing material. We used a c-Kit–based cell selection, as the CD34
levels on mast cell progenitors are lower than those of the main
hematopoietic progenitor population. By contrast, the affinity-
based CD34 isolation strategy used in Rottem et al is likely to
enrich for cells with the highest CD34 levels, which can lead to
failure in detecting the mast cell progenitor population.

We show that the bulk of the FceRI1 progenitors in adult peripheral
blood at steady-state conditions exhibit a mast cell gene signature
and rapidly form mast cells compared with FceRI2 progenitors.
However, these observations do not necessarily mean that FceRI
levels constitute a general marker of mast cell differentiation. For
example, mast cells lacking FceRI are observed at specific anatomi-
cal compartments.6 Whether the presence of primary FceRI2 mast
cells is a consequence of high local concentrations of IL-33 during
cell differentiation remains to be investigated. FceRI2 mast cells are
also produced by in vitro differentiation of fetal liver and cord blood
progenitor cells, and the commonly used mast cell line HMC-1 lacks
FceRI expression.24-28 Experiments showing that external factors
can regulate FceRI levels in mast cells past the progenitor stage fur-
ther support the idea that FceRI expression is not immediately linked
with mast cell differentiation.25,29,30 In fact, IL-33 downregulates
FceRI levels in mature mast cells, both at the cell surface and the

gene expression level, and simultaneously promotes upregulation of
the mast cell signature protease tryptase.30

The culture assay presented here was designed to identify cytokines
with major and specific effects on mast cell progenitor survival or
phenotype. We cannot exclude the possibility that cytokines that
failed to maintain a pre–mast cell population indeed promote mast
cell progenitor survival or exhibit regulatory functions. For example,
cytokines known to promote survival, proliferation, and differentiation
of non–mast cell lineage cells might obscure survival-promoting
effects on mast cell progenitors. It is also possible that the cytokines

C

Fc
�R

I M
FI

(n
or

m
ali

ze
d 

to
 IL

-3
 o

nly
)

0.0

1.0

1.5

0.5

IL-3
IL-33

+
–

+
+

MCP

***

A

Fc
�R

I M
FI

(n
or

m
ali

ze
d 

to
 IL

-3
 o

nly
)

0.0

1.0

1.5

0.5

IL-
3

IL-
5

GM-C
SF

EPO
TP

O
Flt

3L
IL-

33

+ IL-3

****

B IL-3/IL-3 + IL-33

c-
Ki

t

%
 o

f m
ax

im
um

 

MCP

Fc�RI

Figure 6. IL-33 downregulates Fc«RI expression on mast cell progenitors

(MCPs). (A) Quantification of FceRI expression on pre–mast cells after 5 days in

culture with the indicated cytokines. Points in each group represent individual buffy

coats. The levels were normalized to the IL-3 condition of each donor. The study used

10 ng/mL IL-3, 20 ng/mL IL-5, 10 ng/mL GM-CSF, 1 U/mL EPO, 50 ng/mL

thrombopoietin (TPO), 50 ng/mL Flt3L, and 22.5 to 100 ng/mL IL-33 unless otherwise

specified. (B) Flow cytometry analysis of FACS-isolated MCPs cultured with 10 ng/mL

IL-3 alone or in combination with 100 ng/mL IL-33 for 5 days. Cultures of FceRI2

progenitors are shown in supplemental Figure 8. (C) Quantification of panel B (n 5 3).

Two-tailed one-sample t test in panels A and C, hypothetical value 1.0. ***P , .001,

****P , .0001. MFI, median fluorescent intensity.

9 AUGUST 2022 • VOLUME 6, NUMBER 15 MAST CELL PROGENITOR DIFFERENTIATION 4447



regulate pathways that were not analyzed. For example, EPO
inhibits lipopolysaccharide-mediated cytokine secretion of EPO
receptor–expressing murine bone marrow–derived mast cells.31

Nevertheless, we showed that IL-3, IL-5, and IL-33 exhibit prolifer-
ative, survival-promoting, and FceRI regulatory functions, respec-
tively, on primary mast cell progenitors.

Survival-promoting functions of cytokines have been investigated on
in vitro–derived mature mast cells.32,33 The regulatory effects of
cytokines on primary mast cell progenitors, however, are largely
unexplored. Ochi et al33 performed thymidine incorporation assays
to study the proliferative effects of individual cytokines on cord
blood–derived immature mast cells. In line with our results, Ochi et al
reported proliferation-promoting effects of IL-3 on in vitro–derived
immature mast cells, and IL-5 did not induce proliferation of the
immature mast cells. We showed that although IL-5 is insufficient to
promote significant mast cell progenitor proliferation, it is able to
promote cell survival.

IL-3 and IL-5 share a common b chain for signaling.34 Nevertheless,
these cytokines promoted disparate effects on the mast cell progen-
itors at the initial concentrations tested. Increasing doses of IL-5
failed to induce a proliferative response similar to the capacity of
IL-3. A limited number of IL-5 receptors on the cell surface could
provide a possible explanation. However, it has yet to be determined
whether the a chains of the receptors are involved in cell signaling,
which could instruct disparate signaling pathways.

The single-cell transcriptomics data sets presented with this investi-
gation provide the research community with a high-resolution map
of hematopoietic progenitor differentiation with focus on the rare
mast cell progenitor population. We show how the data can be
used to reveal cell lineage bias and factors that regulate mast cell
progenitors. Notably, we reveal a temporal association between
mast cell lineage differentiation and the upregulation of FceRI in
hematopoietic progenitors in adult peripheral blood. These data
provide definitive proof that FceRI may appear already at the mast
cell progenitor stage, before terminal mast cell maturation.
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