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Mast cells (MCs) play a pivotal role in the hypersensitivity reaction by regulating the innate and adaptive immune responses.
Humans have two types of MCs. The first type, termed MCyq, is found in the skin and other connective tissues and expresses both
tryptase and chymase, while the second, termed MCy, which only expresses tryptase, is found primarily in the mucosa. MCs in-
duced from human adult-type CD34 " cells are reported to be of the MC; type, but the development of MCs during embryonic/fetal
stages is largely unknown. Using an efficient coculture system, we identified that a CD34 " c-kit* cell population, which appeared
prior to the emergence of CD3417CD45" hematopoietic stem and progenitor cells (HSPCs), stimulated robust production of
pure Tryptase*Chymase™ MCs (MCqcs). Single-cell analysis revealed dual development directions of CD347c-kit" progenitors,
with one lineage developing into erythro-myeloid progenitors (EMP) and the other lineage developing into HSPC. Interestingly,
MCqcs derived from early CD34 7 c-kit™ cells exhibited strong histamine release and immune response functions. Particularly,
robust release of IL-17 suggested that these early developing tissue-type MCycs could play a central role in tumor immunity.
These findings could help elucidate the mechanisms controlling early development of MCycs and have significant therapeutic
implications.
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Introduction

Mast cells (MCs) are blood components and are classically
known to originate from multipotential hematopoietic progenitor
cells in the bone marrow (BM) (Kitamura et al., 1977; Kitamura
and Ito, 2005; Kalesnikoff and Galli, 2008). Unlike most hemato-
poietic BM cells, MCs complete terminal maturation in
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peripheral tissues under the influence of the local microenviron-
ment (Kitamura, 1989). Mature MCs can be distinguished from
immature MCs by surface expression of the high-affinity IgE re-
ceptor (FceRl) and by the presence of high c-Kit levels and char-
acteristic secretory granules. MCs are multifunctional effector
cells that play an essential role in innate immunity, host de-
fense, host hypersensitivity, and the pathogenesis of allergic
disease. MCs predominantly reside in tissues and are character-
ized by large cytoplasmic granules containing proteases, which
are released upon activation, such as during an allergic reaction
(Gilfillan et al., 2009; Da Silva et al., 2014). MC activation indu-
ces a wide variety of symptoms in complex diseases that are dif-
ficult, often impossible, to diagnose. Recently, MCs have been
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implicated in pain and neuroinflammation in endometriosis (De
Leo et al., 2017). However, the exact physiological and patho-
genic functions of MCs remain controversial due to insufficient
understanding of human MC types and their development during
embryonic/fetal stages.

In mice, MCs are subclassified into two main subsets based
on their location, staining characteristics, protease expression
patterns, and histamine content. One MC subtype is connective
tissue-type (CT-MCs) and the other subtype is mucosal-type
(M-MCs) (Gurish and Austen, 2012; Dwyer et al., 2016). M-MCs
are found in the normal alveolar wall and small intestinal mu-
cosa. CT-MCs are similar to tissue-resident macrophages; are
found in the skin, submucosa, and other connective tissues;
and have radio-resistant and self-renewal properties. Further,
M-MCs are inducible and transient with a lifespan of only 2
weeks, while CT-MCs are constitutive and long-lasting ( Gurish
and Austen, 2012; Dwyer et al., 2016). A recent report demon-
strated that MCs and macrophages exhibit similar overall
development kinetics with dual hematopoietic origins (Li et al.,
2018), indicating diverse MCs in developmental sources, tissue
distributions, and functions.

In humans, three types of MCs have been classified on the
basis of protease content: (i) Tryptase "Chymase™ MCs (MCycs),
which contain tryptase, chymase, carboxypeptidase, and
cathepsin G in their secretory granules, are predominantly lo-
cated in normal skin and intestinal submucosa and correspond
to rodent CT-MCs; (ii) Tryptase™Chymase™ MCs (MCys), which
contain tryptase but lack other proteases, are the main MC type
in the normal alveolar wall and small intestinal mucosa and
correspond to rodent M-MCs; and (iii) Tryptase” Chymase™ MCs
(MCcs), which are a rare MC subtype that only contain chymase
and are found in endometrial tissue (Irani et al., 1986; Kaminer
et al., 1995; Welle, 1997; Kalesnikoff and Galli, 2008; Moon
et al.,, 2009). In patients with T cell deficiency, a marked
and selective lack of MCqs in the intestinal mucosa is observed,
but these patients have normal numbers of MCycs in the adja-
cent submucosa (Irani et al., 1987), suggesting that the devel-
opment of MCys is different from that of MCycs in humans.

Unlike the hematopoietic stem cell (HSC)-dependent hemato-
poiesis originating in the adult BM, early mammalian embryos
generate HSC-independent hematopoietic lineage cells sharing
both primitive and definitive properties. This HSC-independent
wave predominately produces erythrocytes, megakaryocytes,
and other myeloid lineage cells derived from erythro-myeloid
progenitors (EMP) and other tissue-resident cell progenitors,
such as macrophages (Dzierzak and Bigas, 2018). In humans,
many reports exploring the onset of human hematopoiesis that
use the in vitro differentiation of hPSCs accumulated data simi-
lar to what has been found in mouse ontogeny.

Our group recently reported a unique pathway for early defin-
itive erythropoiesis from hPSCs, which is phenotypically differ-
ent from more mature adult hematopoietic stem and progenitor
cell (HSPQ)-derived definitive erythropoiesis (Mao et al., 2016).
Moreover, in our previous study, we demonstrated that cyno-
molgus non-human primate embryonic stem cell (ESC)-derived
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MCs (ESC-MCs) have similar characteristics to MCycs with func-
tional maturity in short-term cultures, suggesting a unique em-
bryonic/fetal pathway in primates for early development of
MCqcs, which may be from a different pathway other than that
of MCys (Ma et al., 2008). On the other hand, although human
cord blood (CB) CD34" progenitors could give rise to MCycs in
long-term cultures, generally after >10 weeks in vitro, these
cells still cannot fully mimic the functions of MCqcs in human
skin, such as substance P-induced degranulation (Kinoshita
et al., 1999). At present, it is still unclear whether MCs develop
via HSC-independent pathways, and the functional properties
of these potential lineages remain unknown.

In the present study, we applied a three-stage culture
method to generate mature and functional MCqcs from hPSCs.
We found that coculture of CD34"c-kit™ cells for 8 days gave
rise mainly to a pure MC population phenotypically and func-
tionally similar to human MCqcs as reported.

Single-cell RNA sequencing analysis revealed two distinct
pathways of MC development from CD34"c-kit" cells in the
coculture system. One pathway was via EMP-containing eryth-
roids, macrophages, and MC progenitors. The other pathway
was via late multilineage HSPC defined by expression of CD34
and CD45, as we previously reported (Zhou et al.,, 2019).
Functional comparison revealed dramatic differences between
MCs generated from coculture day 8 (D8) CD34%c-kit™, cocul-
ture D14 CD347CD45", and CB CD34" cells, with the earlier
coculture D8 CD34"c-kit™ cell-derived MCs (CD34 " c-kit*-MCs)
exhibiting the strongest histamine release and other innate im-
mune responses. We established a new in vitro model to trace
the early development of hPSC-MCs (most MCycs), which pro-
vides a new approach for the development of novel drugs tar-
geting MCqc-mediated diseases.

Results
hPSC-generated MCs share MCy¢ protease phenotypes and
functional characteristics

To generate MCs from human pluripotent stem cells (hPSCs),
we applied a three-stage culture method (Figure 1A). The first
stage involved producing hematopoietic progenitors by hPSC/
AGM-S3 coculture. Generally, a 35-mm diameter culture dish
(equal to a single well of a 6-well plate) generated 1.48
x 10°+0.48 x 10° total cells (H1 line, n=09) after 14 days of
coculture. We then harvested D14 cocultured total cells and
transferred them to nonadhesive culture plates to expand he-
matopoietic progenitors by adding cytokines SCF, IL-3, IL-6,
thrombopoietin (TPO), and flt3 ligand (FL). This second culture
allowed stable production of hematopoietic cells with no inter-
ference from adherent/stromal cell growth.

In the second culture, one single 6-well plate generated 1.75
x 10%+0.6 x 10° (n=5) cells after 7 days, which was 29-117-
fold higher than the initial number of undifferentiated hPSCs,
while CD34" hematopoietic progenitors expanded 9.1-fold. To
induce MC differentiation, we used serum-deprived medium
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Figure 1 Early hPSC-MCs share skin MC protease phenotypes and fun

ctions. (A) Schematic illustrating the strategy for the generation of

MCs from D14 hPSC/AGM-S3 coculture. (B) Immunostaining and MGG staining of early developed hPSC-MCs over the time course of SF-MC
cultivation. (C) Persistence of cell proliferation of H1/AGM-S3 coculture D14 (a), short-term (up to 15 weeks, b), and long-term (up to

16 months, c¢) in SF-MC cultures. (D) Mature hPSC-MCs (20 weeks in

SF-MC culture) co-expressing CD45, c-kit, and a high-affinity IgE-R.

(E) Histamine release by mature hPSC-MCs following stimulation with an antibody against the human IgE-R (CRA1), substance P, and com-

pound 48/80, respectively.

containing SCF, IL-6, TPO, and FL, but not IL-3 (SF-MC culture).
MCs derived from hPSCs expressing both c-kit and tryptase
appeared very early during cultivation and robustly prolifer-
ated, resulting in a rapid increase in purity (68.3% at D10 and
98.6% at D40, Figure 1Ba). MCs then gradually increased in
number and represented >99% of the cells thereafter.
Interestingly, hPSC-MCs co-expressed a high level of
chymase even at early culture times (39.6% at D20 and 98.4%
at D40, Figure 1Bb). May-Grunwald Giemsa (MGG) staining
of early developed hPSC-MCs over the time course of SF-MC
cultivation is shown in Figure 1Bc. In SF-MC cultures, total cell
proliferation gradually decreased, while the proportion of MCs
increased (Figure 1Ca), as observed previously during in vitro
MC differentiation from human CD34™ CB cells. The hPSC-MCs
gradually became smaller in size with single nuclei and grew as
aggregates as cultivation progressed (Supplementary Figure
S1A). We calculated that an initial input of 1x 10*-3 x 10*
undifferentiated hPSCs generated 1.1 x 10® mature MCqcs after

12 weeks (37-110-fold) and 2.64 x 10° mature MCqcs after
15 months (88-264-fold) of SF-MC culture.

Mature hPSC-MCs exhibited basophilic staining, as revealed
by MGG staining (Supplementary Figure S1B). In this protocol,
the hPSC-MCs chromatically acquired a purple color upon
toluidine blue staining (Supplementary Figure S1C) and
were stained blue by Alcian blue solution (Supplementary
Figure S1D). hPSC-MCs were positive for carboxypeptase A and
cathepsin G (Supplementary Figure S1E and F). The maturity of
hPSC-MCs after 10 weeks in SF-MC culture was further con-
firmed by co-expression of c-kit with tryptase and chymase in
all of the cells (Supplementary Figure S1G-L), confirming the
MCqcs protease phenotype. Transmission electron microscopy
(TEM) revealed that the hPSC-MCs contained abundant gran-
ules of various densities with well-developed mitochondria.
Scrolling shaped granules, which are typical of human MCs,
were also present (Supplementary Figure S1M). These features
were identical to those of mature human MCs. Mature hPSC-
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MCs underwent slow but constant proliferation throughout cul-
tivation and survived over a period of 16 months (Figure 1Cb
and Cc). When further matured (>20 weeks in SF-MC culture),
most of the hPSC-MCs expressed high-affinity FceRI, CD45, and
c-kit (Figure 1D), suggesting that they had reached functional
maturity.

We then investigated whether the hPSC-MCs had normal
functions. hPSC-MCs displayed degranulation and released
histamine upon stimulation with CRA1, a monoclonal
antibody against the human IgE receptor (anti-IgE-R), in a
dose-dependent manner (Figure 1Ea). Consistent with our pre-
vious report of non-human primate ESC-MCs, hPSC-MCs also ef-
ficiently underwent dose-dependent degranulation in response
to substance P and compound 48/80, which resulted in
histamine release (Figure 1Eb and Ec). Thus, hPSC-MCs were
functionally mature MCqcs, not only because they expressed
characteristic proteases but also because stimulation with
specific pharmacological agents induced degranulation.

Coculture D8 CD34™ c-kit* cells rapidly develop into mature
MCres

Our findings suggested the existence of a transient specific
cell fraction CD34"c-kit™, which arose from early H1/AGM-S3
coculture on D6, became abundant by D10, peaked on D12,
and then gradually decreased (Figure 2A). However, a late mul-
tilineage HSPCs (CD347CD45™) first appeared on D10 and then
reached peak value at D14 (Figure 2B), suggesting that
CD34%c-kit™ cells were derived from another pathway.

To clarify the features of CD34"c-kit™ cells, we detected sev-
eral important surface markers in four different cell popula-
tions, classified according to CD34 and c-kit expression at
coculture D8 and D16. As illustrated in Figure 2C and D, com-
pared with other cell fractions, the CD34"c-kit™ cell population
at coculture D8 exhibited higher expression of CD144, CD13,
and IgE-R and almost no expression of CD45, strongly indicat-
ing that before the emergence of the CD341CD45™ cell popula-
tion, a subset of cells expressing CD13 and IgE-R was present
in the CD34"c-kit™ cell population.

Cells from coculture D8 were divided into four fractions by
fluorescence-assisted cell sorting (FACS) on the basis of c-kit and
CD34 expression. MGG analysis revealed typical morphology of
cells derived from the four cell populations (Figure 2Ea).
Quantitative polymerase chain reaction (qPCR) analysis revealed
that only the CD34"c-kit" cell population expressed mRNA encod-
ing tryptase and chymase (Figure 2Eb—Ed). However, immunofluo-
rescence (IF) staining analysis did not reveal tryptase or chymase
protein expression (data not shown). When we placed the four cell
fractions in SF-MC culture medium for 7 days (Figure 2F), only the
CD34"c-kit" cell population expanded significantly. These data
clearly demonstrated that the CD34 " c-kit™ cells could be new MC
progenitor cells.

To identify the progenitors of MCycs, we grew coculture D8
CD34"c-kit" cells, coculture D14 CD347CD45™" cells (HSPCs),
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and CB CD34™ cells (adult HSPCs) in serum-free medium. Total
cell proliferation of D14 CD347CD45™" cells and CB CD34™ cells
gradually decreased, while the proportion of MCs increased
and the (CD34"c-kit" fraction increased progressively
(Figure 2Ga—Gc). After 3 weeks of culture, c-kit*Tryptase™ cells
were present in all three types of MCs, but Tryptase™Chymase™
cells were only present in CD34%c-kit™-MCs (Supplementary
Figure S2). In the CD34"c-kitt-MC culture, Tryptase™Chymase™
cells appeared 7 days after initiating differentiation, and by
D21, >90% of the cells expressed both chymase and tryptase
(Figure 2Ha and Hb). This finding suggested that fast-maturing
MCycs derived from hPSCs were initially generated from the
CD34"c-kit" cell population.

Dual development potential of MCs before and after appearance
of hematopoietic stem-like cells

To clarify the origin and characteristics of CD34"c-kit" cells,
we sorted cells at coculture D5 based on expression of mesoder-
mal/endothelium (KDR) and endothelial (CD34) surface markers,
as well as an important MC marker c-kit, before the CD34" ¢c-kit™
cells arose (Supplementary Figure S3A). KDR™CD34 c-kit™,
KDRTCD34 c-kit”, KDR™CD34"c-kit", KDRTCD34%c-kit”, and
KDR™CD34 c-kit™ cells were sorted and re-cultured on stromal
cells for another 7 days. Then the total cells were collected, and
expression of CD34"c-kit™ cells were detected by FACS analysis.
As showed in Supplementary Figure S3A, the results suggested
that CD34%c-kit™ cells were primarily generated from
KDR*TCD34"c-kit™ hematopoietic and endothelial (HE) precursor
cells.

To obtain a gene develop chart of the development of
CD34Tc-kit™ cells, we isolated and sequenced 8901 cells from
two successive developmental stages, including KDR*CD34"
cells at coculture D5 and cells generated from KDR*CD34™" cells
after another 5 days culture (replacement of AGM-S3 with 10
ng/ml VEGF) (D5_5). Sequencing quality metrics were similar
across samples, reflecting minimal technical variation between
samples (Supplementary Table S1).

A graph-based, unsupervised clustering analysis was applied
to the pooled time points, identifying 13 cell clusters that rep-
resented distinct cell types or cell subpopulations (Figure 3Aa).
Subsequent barcode deconvolution of single cells revealed the
appearance of the population, effectively capturing the dynam-
ics of KDRTCD34" cell progression (Supplementary Figure
S3B). Considering the positive expression of c-kit and CD34,
clusters 0, 1, 4, 5, and 7 were selected as ‘target cells’ for rean-
alysis. Dimension reduction was performed by principal compo-
nent analysis (PCA) (Supplementary Figure S3C). Of note, cells
in cluster 0 could be further divided into two clusters
(Supplementary Figure S3Ca). Finally, six clusters were identi-
fied and annotated as ‘mesoderm (M)’, ‘hematopoietic and en-
dothelial (HE)’, ‘erythro-myeloid progenitors (EMP)’, ‘mast
progenitors (MP)’, ‘hematopoietic stem/progenitor cells
(HSPC)’, and ‘myeloid progenitor cells (MPC)’ based on the cell
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Figure 2 Rapid maturation of MCycs generated from a CD34"c-kit™ cell population. (A) Flow cytometric profiles showing expression of

CD34 % c-kit™ cells derived from H1/AGM-S3 coculture. (B) Proliferation

of CD347CD45™, CD347CD43™, CD34Tc-kit™, and CD45™ cell frac-

tions on D4-D16 derived from 1 x 10* H1 cells (independent experiments, n=3; mean+5D). (C and D) Flow cytometric analysis showing
representative phenotypic expression of mesoderm (KDR), endothelial (CD31 and CD144), hematopoietic (CD43 and CD45), and MC (CD13

and IgE-R) markers in the four cell fractions at D8 (C) and D16 (D) duri

ng a single culture. (E) Four cell fractions defined by expression of

CD34 and c-kit were sorted by FACS from a D8 H1/AGM-S3 coculture. MGG analysis showing typical morphologies of the sorted
CD34"c-kit*, CD34Tc-kit™, CD34 c-kit™, and CD34 c-kit~ cell fractions (a) and gPCR analysis showing mRNA expression of c-kit (b), tryp-
tase (c), and chymase (d) in each cell fraction, total coculture D8 cells, and a pure population of MCs. Independent experiments, n=3;
mean +SD. ND, not detected. Scale bar, 10 pm. (F) Total cell proliferation of the four cell fractions sorted from D8. (G) Total cell proliferation
of CB CD34" cells (a), coculture D14 CD347CD45™ cells (b), and coculture D8 CD34 " c-kit™ cells (c) in SF-MC culture. (H) Compared with CB
CD34" and coculture D14 CD347CD45" progenitor cells, a high proportion (36.3%=3.4%) of coculture D8 CD34%c-kit" cell-derived
c-kit*Tryptase* MCs could be observed early on D7 in SF-MC culture and reached a purity of 90.3%+1.4% after 21 days in culture (a) that
was associated with a rapid increase in co-expression of chymase (90.2%+1.1% at D21, b). NS, non-significant.

transcriptional profiles (Figure 3A and B). Moreover, PCA also
revealed that the EMP cluster was positioned next to the MP
cluster and that the HSPC and MPC clusters closely correlated
(Supplementary Figure S3Cb).

We next sought to confirm the MC clusters by examining the
transcriptional profiles of the intermediate subpopulations
identified above. Gene expression patterns of mesoderm
markers, endothelial markers, hematopoietic markers,

megakaryocyte and erythrocyte progenitor cell (MEP) markers,
granulocyte and monocyte progenitor cell (GMP) markers, and
MC-related genes were compared among the six clusters
(Figure 3B; Supplementary Figure S3D). Compared with the
other clusters, the MP cluster exhibited MC-like development
features, such as high expression of STAT5A/STAT5B, SRGN,
MAPK14, and MITF (Shelburne et al., 2003; Abrink et al., 2004;
Morii et al., 2004; Hu et al., 2012). Furthermore, several genes
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Figure 3 Dual development potential of MCs before and after HSPCs appeared. (A) Identification of unsupervised clustering for 2 days com-
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different clusters. (B) Heatmap showing scaled expression of MC-related genes in the six clusters. (C) Violin plots showing expression of
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pseudotime axis were inferred by Monocle 2. Prominent transcription factors (a) and other genes (b) are listed. (F) Expression of represen-

tative genes of pattern 1 along pseudotime axis inferred by Monocle 2.

related to MC activation, including FCER1G, UNC13D, CD84,
CD226, LCP2, STXBP2, and BTK, were highly expressed in this
cluster (Figure 3B; Bachelet et al., 2006; Alvarez-Errico et al.,
2011; Oksaharju et al., 2011; Bin et al., 2013; Rodarte et al.,
2018; Simonowski et al., 2020; Wang et al., 2020). However, in
this cluster, the endothelial markers PECAM1 and ITGB3 were
highly expressed, while the hematopoietic markers SPN and
PTPRC were weakly expressed and absent, respectively
(Supplementary Figure S3D). Compared with other cell types,
CD347"c-kit™ cells exhibited MCrcs-like developmental features,
such as increased expression of MITF and STAT5B (Figure 3C).
Moreover, MC activity was also presumably located within the
HSPC cluster, which exhibited high expression of MC-related
genes. However, this cluster also exhibited granulocyte and

monocyte-like features, such as high expression of IL3RA,
CSF1R, CSF3R, LYZ, and MPO, as well as the hematopoietic
genes SPN and PTPRC (Supplementary Figure S3D; Zhou et al.,
2019).

Monocle analysis revealed the developmental trajectory of
the dual hematopoietic origin of MCs, clearly illustrating one
path from the M cluster via HE, then from EMP to MP, and an-
other path from the M cluster via HE, then from HSPC to MPC
(Figure 3D). Genes that were significantly differentially
expressed along the pseudotime axis were subjected to
k-means clustering analysis, resulting in four distinct gene ex-
pression modules (Figure 3E). Genes grouped in module 1 were
highly expressed only in MP, including transcription factors
such as STAT5B and MITF, and were related to the regulation of
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Table 1 MC production from hESCs.

Type MCs generated from one hESC Reference
c-kit*Tryptase™ Tryptase "Chymase™
Coculture D8 CD34 " c-kit™ 2 258.35+32.65 (100%) 258.35+32.65 (100%) This study

Coculture D14 CD347CD45* P 163.33+10.36 (100%)

CB(CD34* ¢ 595.28+95.62 (100%)
Coculture D12 CD34™ ¢ NA
Embryoid body (EB) © NA

157.94+3.27 (96.7% +2%)
111.32+5.96 (18.7%+ 1%)
1.5+0.3 (>90%)
9.7 +4.7 (>90%)

Kovarova et al. (2010)

2MCs generated from hESC/AGM-S3 coculture D8 CD34 c-kit™ cells after 12 weeks.

PMCs generated from hESC/AGM-S3 coculture D14 CD347CD45™ cells after 12 weeks.

°MCs generated from CB CD34™ cells after 12 weeks.
IMCs generated from hESC/OP9 coculture D12 CD34™ cells after 12 weeks.
®MCs generated from hESC-derived EB cells after 12 weeks.

MCyc development (Figure 3Ea and F). In addition to the MEP
markers CD47 and ITGA2B and endothelial marker PECAM1,
both SRGN and FCER1G, which are critical to MC development
and function, were placed in module 1 (Figure 3Eb). Genes in
module 4 were those upregulated in MCPs, including the genes
already highly expressed in HSPCs as compared with the M and
HE clusters, such as MYB, CD44, and CD34, and also those spe-
cifically expressed in MCPs, such as LYZ, MPO, PTPRC, and
CD48 (Figure 3E).

MCrcs from CD34 c-kit* cells robustly release histamine and
cytokines

To understand the characteristics of MCs derived from cocul-
ture D8 CD34*"c-kit™ cells, we collected coculture D14
CD34%CD45% HSPCs and CB CD34™ adult HSPCs for functional
comparison. We detected a qualitative difference in chymase
and tryptase expression between MCs differentiated from the
three culture methods. The average CD34"c-kit™-MC vyield of
chymase/tryptase staining was 258.4 x 10 + 32.7 x 10° per
1 x 10° human ESCs (hESCs) (n=4), 157.9 x 10°+3.3 x 10°
positively stained cells were obtained from 1 x 10° hESCs dif-
ferentiated from CD341CD45" cells (n=3), and 111.3 x 10° +
5.96 x 10° per 1 x 10° CD34™" progenitors were present (n=3)
(Table 1).

We measured the intracellular histamine concentration of
cell lysates using a histamine ELISA assay kit. As summarized
in Table 2, CB CD34"-MCs contained 40% less histamine than
coculture D8 CD34"c-kit™-MCs. Coculture D8 CD34 " c-kit™-MCs
contained 10.8+1.4 pg/cell (n=3), coculture D14
CD347CD45%-MCs contained 8.5+1.5 pg/cell (n=3), and CB
CD34"-MCs contained 6.2+2.1 pg/cell (n=3). Significant dif-
ferences were found between CD34"c-kit*-MCs and CB CD34*-
MCs (P=0.014), but there were no differences between
CD34"c-kit™-MCs and CD34"7CD45"-MCs (P=0.137) or be-
tween CD347CD45"-MCs and CB CD34"-MCs (P=0.195).

A series of MC activators were used to stimulate these MCs,
and histamine release was measured by ELISA. As shown in
Figure 4A, with activation of CRA1 (anti-FceRl antibody) via
FceRl, IgE-sensitized CB CD34%-MCs released relatively small
proportions of histamine (maximum 38% histamine release),

Table 2 Intracellular histamine content of human MCs.
Type

Histamine content (pg/cell)

CB CD34"-MCs 6.15+2.10
Coculture D14 CD34*CD45%-MCs 8.46+1.49
Coculture D8 CD34 " c-kit*-MCs 10.81+1.35"

A total of 1 x 10° hESC-MCs (coculture D14 CD347CD45"-MCs and coculture D8
CD34"c-kit*-MCs) or CB CD34"-MCs cultured for 12 weeks were lysed, and the
cell supernatant was analyzed by ELISA (n=3).

*P < 0.05 relative to CB CD34"-MCs.

whereas the other two types of MCs exhibited stronger and
highly significant histamine release, with a maximum of 60%
for coculture D14 CD347CD45%-MCs and 76% for coculture D8
CD34"c-kit"-MCs. When the active concentration of CRA1 was
1 pg/ml, significant differences were detected between not
only CD34%c-kit'-MCs and CB (CD34"-MCs but also
CD34*c-kit"-MCs and CD347CD45"-MCs (P=0.137), as well
as CD347CD45"-MCs and CB CD347-MCs.

Substance P and compound 48/80 were also used to stimu-
late the three MC types. Both substance P and compound
48/80 induced a histamine release <10% in CB CD34"-MCs
but induced a significant histamine release from the other two
MC types (Figure 4B, substance P release: 67.0%=+5.5% for
coculture D14 CD347CD45%-MCs and 62.1%=1.8% for cocul-
ture D8 CD34 " c-kit"-MCs; Figure 4C, compound 48/80 release:
20.2%+1.7% for coculture D14 CD34"CD45"-MCs and
39.2%+8.4%  for coculture D8  CD34"c-kitt-MCs).
Measurement of histamine release revealed that CB CD34%-
MCs were poor histamine releasers and were only activated by
CRA1. By contrast, coculture D14 CD347CD45" and coculture
D8 CD34%c-kit"™-MCs responded robustly to all compounds
tested.

To investigate cytokine production by activated MCs, we
stimulated the three different MC types with IgE followed by
CRA1. Seventeen human cytokines were measured. As shown
in Figure 4D, cytokine release after IgE and CRA1 stimulation
was highly heterogenous among the three MC types. None of
the MC types released TNF-a in response to the stimuli.
Compared with the other two MC types, coculture D8 CD34™
c-kit*-MCs released high concentrations of the other 16 cyto-
kines, but the differences in IL-1p, IL-4, and IL-8 were not statis-
tically significantly. The cytokines IL-5 and GM-CSF, which are
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Figure 4 Histamine and cytokine release by mature MCs derived from three different protocols. (A-C) IgE-sensitized MCs were stimulated
for 30 min with anti-IgE-R (CRA1), Substance P, and compound 48/80. Data are expressed as mean +SD of at least three sample replicates.
(D) Heterogenous cytokine release after anti-IgE-R stimulation. Cytokine levels are expressed as pg/10° cells. Significant differences
among MC culture protocols are indicated. Data are expressed as mean +SD of at least three sample replicates. Blue, CB CD34"-MCs; pur-
ple, coculture D14 CD341CD451-MCs; red, coculture D8 CD34 ¢c-kitT-MCs. NS, non-significant.

important for eosinophil development and proliferation, were
highly expressed in coculture D8 CD34"¢-kit*-MCs stimulated
with IgE/CRA1, suggesting that this MC type could activate
eosinophils/basophils. Interestingly, IL-17a, which is produced
primarily by Th17 cells, was robustly released by early MCqcs
derived from coculture D8 CD34"c-kit™ cells, suggesting that
MCqcs could also play a central role in tumor immunity.

To better understand the different activation states of the
three MC types, we validated the expression of MC surface
markers and the presence of MC morphological characteristics.
All three MC types highly expressed CD45, c-kit, CD13, and
CD81 but did not express CD34 or HLA-DR (Supplementary
Figure S4A). Compared with the other two types of MCs, cocul-
ture D8 CD34 " c-kit*-MCs highly expressed CD203C, CD88, and
a high-affinity IgE receptor (FceRI) (Supplementary Figure S4A).
MCs derived from coculture D8 CD34%c-kit™ cells and coculture
D14 CD34"CD45™ cells highly expressed whereas MCs derived
from CB CD34" moderately expressed CD31 (Supplementary
Figure S4A). Moreover, MGG analysis revealed a typical mor-
phology of CB CD34%-MCs (Supplementary Figure S4Ba), cocul-
ture D14 CD341CD45"-MCs (Supplementary Figure S4Bb), and
coculture D8 CD34¢c-kit™-MCs (Supplementary Figure S4Bc) af-
ter 12 weeks of culture. MCs derived from coculture D8

CD34"c-kit" cells gradually became smaller in size with single
nuclei and grew as aggregates as cultivation progressed.
Expression of c-kit, tryptase, and chymase in mature MCs was
detected by IF staining, revealing that all of the mature MCs
expressed these markers. However, the relative abundance of
chymase varied between the three different cell types
(Supplementary Figure S4C). Our findings demonstrate that
MCs quickly derived from coculture D8 CD34"c-kit™ cells might
resemble skin MCs and thus belong to the MCy¢ lineage.

In the present study, we found that hPSC-MCs shared two de-
velopmental pathways (Figure 5). MCycs quickly derived from
coculture D8 CD34"c-kit™ progenitor cells, with upregulation of
tryptase and chymase. MCs generated from these progenitors
were small in size and mononuclear, with functional similarities
to MCycs, including high histamine and cytokine release stimu-
lated by different activators, such as CRA1, substance P, and
compound 48/80. MCs derived from coculture D14
CD347CD45%-MCs were phenotypically similar to CB CD34™-
MCs, with a large cell size and multiple nuclei. However, the
functions of the two types of MCs were very different. MCs from
coculture D14 CD341CD45™ cells were biased toward the MCqc
type, while MCs from CB CD347 cells were partial to the MCy
type. MCs from coculture D14 CD347CD45" cells strongly
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hPSC-derived MCs model
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Figure 5 Model depicting the development pathway for hPSC-MCs. There is a specific development stage during MCycs from hPSC/AGM-S3
coculture. Early MCqcs are derived from CD34"c-kit" cells, independent of HSCs. Compared with the MCs derived from HSC-dependent

pathway, these cells exhibit special morphology and function.

released histamine in response to CRA1, substance P, and
compound 48/80, while MCs from CB CD34™ cells did not re-
lease histamine in response to substance P or compound 48/
80. Both of the two types of MCs exhibited weak release of
cytokines in response to IgE and CRA1 stimulation.

Discussion

Recently, several groups found that MCs have different he-
matopoietic origins in mouse models, similar to macrophages
(Gentek et al., 2018; Li et al., 2018). The potential for differen-
tial MC origins during human development remains unclear.
Because experimental manipulations cannot be conducted us-
ing human embryos, the factors and mechanisms involved in
directing differentiation of immature MCs into either functional
MCcrs or MCys remain unknown. Using a sequential coculture
system with unbiased displaying for natural progression of hu-
man hematopoiesis in vitro, we efficiently produced scalable
quantities of functionally mature MCycs from hPSCs even in
short-term cultures (Figure 1; Supplementary Figure S1).
Quantitative evaluations revealed that one undifferentiated
hESC could generate 258.4+32.7 mature MCycs at 12 weeks
after isolation of coculture D8 CD34 " c-kitt MC progenitors and
157.9+3.3 mature MCycs from coculture D14 CD347CD45%

HSPCs, much higher than what had been reported previously,
i.e. ~5.0-14.4 MCs per undifferentiated hESC (Table 1;
Kovarova et al., 2010). Due to the lack of a cell model for
screening drugs that target human MCqcs, the efficiency of pure
MCqc production in our culture system provided an easy and
applicable method for investigation of molecular targets and
drug screening for MCyc-related conditions on a large scale.

MC progenitors have been reported to develop in a variety of
hematopoietic sites and peripheral tissues in embryos and
adults (Dahlin et al., 2015). Classically, human MCs are known
to arise from CD34 " c-kit™ progenitor cells from the BM, periph-
eral blood, or CB HSPCs that highly co-express CD45 and CD13,
which also generate other myeloid cells such as neutrophils,
eosinophils, basophils, and monocytes (Kirshenbaum et al.,
1991, 1994, 1999; Durand et al., 1994; Rottem et al., 1994;
Saito et al., 1996).

Previously, the generation of functional MCs from hESCs has
been reported (Kovarova et al., 2010). However, in this study,
MC production was very low, and the resultant MCs held
smaller granules, less heparin, and lower levels of proteolytic
enzymes, similar to CB CD34™" cell-MCs. Because the MC induc-
tion culture protocol used comparatively mature hESC-derived
HSPCs, this approach could bypass early development path-
ways for hESC-MCs. A more recent report established an early
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rapid and robust production of MCs from mPSCs and hPSCs
(1 week from mouse cultures and several weeks from human
cultures) by genetic manipulation (Kauts et al., 2018).
However, hPSC-MCs in this study did not exhibit mature MC
functions, and their origins were unknown. Contrastingly, in
our coculture system, CD34%c-kit™ cells that differentiated as
early as D8 in coculture already expressed tryptase and chy-
mase mRNA (Figure 2Eb). Particularly, the early coculture D8
CD34"c-kit™ MC precursors were CD45°, exhibiting a lack of
HSPCs or myeloid properties by their source. In consequential
culture, MCycs derived from coculture D8 CD34%c-kit™ precur-
sors exclusively exhibited MCyc characteristics, typically mim-
icking mature human skin tissue-type MCs. Phenotypically,
these early MCycs were 100% double-positive for tryptase and
chymase, small, and single-nucleated and contained scroll-
shaped granules similar to human skin tissue-type MCs.
Importantly, these hPSC-derived early MCqcs already exhibited
characteristics of mature MCs, including robust histamine re-
lease upon substance P stimulation (Figures 2 and 4), a func-
tion characteristic of human skin tissue-type MCqcs that is
seldom exhibited by CB CD34" cell-derived M-MCys. Taken to-
gether with our previous findings in non-human primate ESC-
derived CT-MCs (Ma et al., 2008), our data point to a common
embryonic/fetal pathway for early development of MCrcs inde-
pendent of HSPC-MCxcs.

The present study was suggestive of two waves of human MC
development. In the first wave, a mesodermal HE precursor
directly develops into a CD34"c-kit"CD45~ MC progenitor
(D6-D8 coculture-derived MC precursors in our system) that
rapidly differentiated exclusively into MCrcs with functional ma-
turity mimicking human skin tissue-type MCycs. The other wave
of human MC development, as widely reported, is derived from
adult-type HSCs and predominately generates mature MCys
functionally expressing themselves as M-MCs (CB CD34%-MCs).

Using a subtle cell sorting assay, we found that early cocul-
ture D8 CD34%c-kitt MC progenitors primarily developed from
CD34"KDR™ HE precursors along with a definitive hematopoie-
sis pathway that could be traced back to KDR*CD34~ meso-
derm cells. Further analysis by single-cell RNA sequencing
confirmed the existence of two different pathways for the de-
velopment of early CD34"c-kitt MC progenitors (Figure 3D).
One pathway developed with EMP development, and the other
pathway developed with a late multi-lineage HSPC. Although
MC potential could be detected in both pathways, the MC pro-
genitor cells in the EMP pathway highly expressed MITF and
STAT5B, which are both important transcription factors for
tissue-type MC development (Figure 3C and E; Shelburne et al.,
2003; Morii et al., 2004). These findings were suggestive of a
unique pathway for early and rapid development of functional
mature MCqcs in a first wave independent of HSPC-MCs.

The MCqcs developed from the early wave (typically as D8
coculture-derived MCqcs) exhibited stronger function response
to release various bio-regulators of IgE stimulation. Robust IL-5
and GM-CSF secretion in response to these stimuli suggested a
potent and pivotal role for early MCycs as eosinophil/basophil
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activators in innate immunity. On the other hand, robust re-
lease of IL-17 from early MCycs suggested that this cell popula-
tion could also play a central role in regulation of tumor
immunity. A recent report of esophageal squamous cell carci-
noma suggested that in situ resident IL-17-expressing cells are
MCs but not T lymphocytes or macrophages (Wang et al.,
2013). These tissue-resident IL-17-expressing MCs suppress
tumor growth and are predictive of a favorable prognosis, thus
suggesting that MCs could contribute to tumor immunity by re-
leasing IL-17. This cell population is therefore a potential novel
prognostic marker and therapeutic target.

Interestingly, our findings suggested that MCycs from the
early wave exhibited the highest response to stimuli, as
detected by release of various bio-regulators such as cytokines,
chemokines, and pro- and anti-inflammatory factors. This find-
ing again reflected that MCycs developed in this early wave
could complete functional maturation along a rapid and unique
pathway, rather than via myeloid development classically rec-
ognized as an HSC-dependent pathway.

In conclusion, the present study describes the development
of a novel method to uncover the developmental pathway of
early functionally mature MCrcs. Subsequent studies in our
group will identify the molecular and cellular regulatory mecha-
nisms underlying the early development and maturation of
these unique MCycs, which cannot be recapitulated by animal
models. In addition to the theoretical and experimental impor-
tance of our findings, this study also provides a new approach
for the development of novel drugs targeting MCyc-mediated al-
lergic diseases and tumors.

Materials and methods
M(Cs generation

MCs generation from coculture D14 CD347CD45" hemato-
poietic progenitor cells, coculture D8 CD34"c-kit* cells, and
human CB CD34" HSPCs are given in Supplementary material.

MC characterization

Detailed methods of MC characterization, including flow cy-
tometry, mRNA expression, histochemistry, and immunofluo-
rescence staining, are described in Supplementary material.

Functional assays of MCs
Activation of MCs and the histamine and cytokine assay are
illustrated in Supplementary material.

Processing of single-cell RNA sequencing and quality control
Cell Ranger (version 3.0.2) software from 10x Genomics
(http://www.10xgenomics.com) was used to align and quantify
the raw sequencing data with default parameters. Low-quality
cells were then filtered out before further analysis. Genes
expressed in >3 cells were retained, and cells that expressed
<500 genes were removed from the dataset. Cells were also
discarded if their mitochondrial gene percentages were >10%.
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Dimensionality reduction and cell clustering

After completion of quality control, the Seurat package (ver-
sion 3.0.2) (Butler et al., 2018) implemented in R (version 3.6)
was used to perform downstream analysis and visualization.
Specifically, raw count normalizations (NormalizeData,
LogNormalize, and the scale factor was set to 10000), high vari-
able gene (HVG) detection (FindVariableFeatures), scaling and
centering of data (ScaleData), PCA analysis (RunPCA, with
HVGs), and cell clustering (FindClusters, based on a Shared
Nearest Neighbor (SNN) graph) were performed using Seurat.
Finally, 13 transcriptionally similar clusters (‘resolution’ = 0.4)
were identified and used for subsequent analysis, and cells
were visualized using UMAP or PCA with default parameters.

Trajectory analysis

To further investigate the differentiation trajectories of ‘target
cells’, Monocle2 package (v2.12.0) (Qiu et al., 2017) was used
to reconstruct pseudotime analysis. Ordering genes were se-
lected based on PCA loading. The Discriminative Dimensionality
Reduction with Trees (DDRTree) method was then used to
perform dimensionality reduction and visualized through
plot_cell_trajectory. To compare the different molecular charac-
teristics of the two developmental pathways, we used Branched
Expression Analysis Modeling (BEAM) to detect different gene ex-
pression patterns along the two different pathways. Genes with
g value <107 were considered statistically significant.

Transcription factors and surface markers

Lists of surface markers and transcription factors were
obtained from HumanTFDB3.0 (http://bioinfo.life.hust.edu.cn/
HumanTFDB/) and Cell Surface Protein Atlas (http://wlab.ethz.
ch/surfaceome/), respectively.

Gene functional annotation and pathway analysis

Geno Ontology and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses were performed based on significant
differentially expressed genes with R package cluster Profiler
(version 3.10.1) (Yu et al., 2012).

Statistical analysis
Prism software (GraphPad) was used for statistical analysis,
as indicated in the respective figure legends.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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