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Summary

Mast cells (MCs) are evolutionarily ancient innate immune cells with important roles in
protective immunity against bacteria, parasites, and venomous animals. They can be
found in most organs of the body, where they also contribute to normal tissue func-
tioning, for example by engaging in crosstalk with nerves. Despite this, they are most
widely known for their detrimental roles in allergy, anaphylaxis, and atopic disease.
Just like macrophages, mast cells were conventionally thought to originate from the
bone marrow. However, they are already present in fetal tissues before the onset of
bone marrow hematopoiesis, questioning this dogma. In recent years, our view of my-
eloid cell ontogeny has been revised. We now know that the first mast cells originate
from progenitors made in the extra-embryonic yolk sac, and later get supplemented
with mast cells produced from subsequent waves of hematopoiesis. In most connec-
tive tissues, sizeable populations of fetal-derived mast cells persist into adulthood,
where they self-maintain largely independently from the bone marrow. These devel-
opmental origins are highly reminiscent of macrophages, which are known to have
critical functions in development. Mast cells too may thus support healthy develop-
ment. Their fetal origins and longevity also make mast cells susceptible to genetic and
environmental perturbations, which may render them pathological. Here, we review
our current understanding of mast cell biology from a developmental perspective. We
first summarize how mast cell populations are established from distinct hematopoi-
etic progenitor waves, and how they are subsequently maintained throughout life. We
then discuss what functions mast cells may normally have at early life stages, and how

they may be co-opted to cause, worsen, or increase susceptibility to disease.
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1 | MAST CELL ONTOGENY

Mast cells are tissue-resident innate effector cells of the myeloid
lineage. They are critical for host defense against bacteria such as
Staphylococcus aureus® and other pathogens like helminths.2™* They
also mediate protection from venoms produced by a range of ani-
mals, including snakes and bees.>” With this in mind, it is perhaps
not surprising that mast cells are evolutionarily conserved. Cells with

8-10 where they

mast cell features are already present in tunicates,
may have protective functions that are still relevant to modern mam-
mals. They were first described by Paul Ehrlich in 1877 as cells filled
with characteristic cytoplasmic granules.11 These granules were
thought of as either remnants of phagocytosis, or signs of mast cells
feeding or nourishing surrounding cells. The latter interpretation
gave them their name from the German word “masten.” Based on
their localization and granule content, mast cells are typically classi-
fied as either mucosal (MTMCs) or connective tissue-type mast cells
(CTMCs), which in humans, respectively, express tryptase or trypt-
ase and chymase.!?** Recognized already in the 1970s, there is now
growing appreciation that mast cell heterogeneity extends beyond
this dichotomy. For example, connective tissue-type mast cells share
a core transcriptional program but differ between the skin, perito-
neal cavity, and the esophagus, trachea, and tongue.15 Moreover,
mast cell phenotypes are not rigid, but can change in inflammatory
conditions.*®"?! Following their discovery, the original belief was
that mast cells are of mesenchymal origin.?? This notion was first
challenged 40vyears ago with the demonstration that bone marrow
(BM) transplanted into irradiated hosts can generate mast cells.®®
Using “beige” mice that have distinctively large granules owing to
a mutation, Kitamura, and colleagues were able to identify donor-
derived mast cells in recipient tissues. These findings were the first
indication that mast cells are indeed hematopoietic in nature. This
was confirmed in in vitro studies and parabiosis, an experimental
approach in which two animals are surgically joined, resulting in a
shared blood circulation.?42° Based on these landmarking studies,
the consensus became that mast cells originate from BM hematopoi-
etic stem cells (HSCs). A similar BM-centric view has also been held
for other immune cells like macrophages, which were long thought
to be exclusively derived from monocytes, despite evidence to the
contrary. However, it is now abundantly clear that many tissue-
resident immune cell lineages, including macrophages and certain
innate lymphocytes, first originate from fetal-restricted progenitors.
Over the life course, these fetal-derived cells can be supplemented
with BM-derived ones. As we will discuss below, this developmental

pattern also applies to mast cells.

1.1 | Layered hematopoiesis

Hematopoiesis is a complex process that is initiated early in fetal
development and involves several spatio-temporally distinct (but
overlapping) progenitor waves (Figure 1). The first hematopoietic
progenitors are produced in the extraembryonic yolk sac (YS). In the

mouse, so-called primitive progenitors are made as early as day 7 of
embryonic development (E7.0). These give rise primarily to eryth-
rocytes and megakaryocytes, but also contribute to the very first
macrophages.”’31 This is followed by the production of erythro-
myeloid progenitors (EMPs) starting at E8.25.323% EMPs can still
differentiate into cells of erythroid, megakaryocytic lineages, but
also more readily produce different types of myeloid cells.333* From
E10.5 onwards, HSCs arise in the main arteries of the embryo prop-
erly. This occurs at several sites including the head, heart, placenta

and vitelline, and umbilical veins,35’42

though most notably, the
aorta-gonad-mesonephros (AGM) region.*® Both, extra- and intra-
embryonic progenitors are generated from endothelial cells with
hemogenic capacity in a process known as hemogenic-to-endothelial
transition.*® HSCs transiently colonize and are thought to expand
in the fetal liver, although this view has recently been chaIIenged44
and hence, remains an area of ongoing debate. HSCs ultimately set-
tle in the BM, where they persist lifelong. In addition to these well-
described waves, there are other HSC-like progenitors generated
(presumably) in the embryo proper starting at £9.0.4>4¢ These are
less well-characterized, and since these waves overlap, their lineage
output is difficult to disentangle from other progenitors. Alongside
EMPs, these fetal HSCs are often referred to as transient-definitive.
This is because unlike primitive progenitors, they express the tran-
scription factor c-Myb,**® but they cease to exist perinatally and
are thus transient in nature. To account for these differences, we
here refer to EMPs and fetal HSCs as fetal-restricted, and to those
HSCs that are produced in the AGM and take up residency in the BM

as adult-type HSCs.

1.2 | Current understanding of mast cell origins

As mentioned above, work published in the 1960s-1990s pro-
vided proof of concept that mast cells can originate from the BM.
However, these seminal studies also already called into question
whether the BM is the only source. It was observed that the rate
of mast cell reconstitution from the BM is tissue-dependent, but
overall low. Indeed, in the pioneering work from Kitamura et al?® it
took several months for the mast cell compartment along the gas-
trointestinal tract to be repopulated from grafted BM even in re-
cipients conditioned by irradiation. Even after 6 months, very few
if any donor BM-derived mast cells could be detected in the skin of
these animals. Furthermore, mast cells with metachromatic gran-
ules can already be found in fetal tissues, that is, before the onset
of BM hematopoiesis.‘w'50 In keeping with this, mast cell potential
was identified in the extra-embryonic yolk sac and fetal liver.?74%51
To assess this, the Kitamura group adoptively transferred cells
obtained from different fetal stages and sources into adult mast
cell-deficient W/Wv mice (see Box 2), either intravenously or di-
rectly into the skin.”* This revealed that between E9.5 and E11.5,
the highest mast cell potential is found in the YS, followed by the
fetal liver that predominates from E13.5 onwards.>! The presence
of progenitors with mast cell potential in the YS and fetal liver
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FIGURE 1 Mast cell development in the mouse. (Top) Different progenitors generating mast cells. The first mast cell progenitors arise
from the erythro-myeloid progenitors (EMPs) produced in the extra-embryonic yolk sac starting at embryonic day 8.25 (E8.25). EMPs
differentiate into mast cells via committed progenitors that may seed peripheral tissues directly from the yolk sac and/or through fetal
liver intermediates. The intra-embryonic aorta-gonad-mesonephros (AGM) region generates fetal-restricted hematopoietic stem cells
(HSCs) between E9.0 and E10.0 and adult-type HSCs from E10.5 onwards. Both migrate to the fetal liver and may produce mast cells

that supplement the first wave of EMP-derived mast cells. Around birth, adult-type HSCs colonize the bone marrow where they persist
lifelong. Throughout life, bone marrow-derived progenitors further complement mast cells notably at mucosal sites and in conditions of
environmental perturbations. Mast cell-committed progenitors express integrin a4p7, Cx3crl, and Kit and undergo terminal maturation
following recruitment into tissues. (Bottom) Origins of mast cells in adult tissues. In connective tissues like the skin and adipose tissues like
the ones harboring the mammary glands, mast cells remain predominantly of fetal origins, with contribution from yolk sac EMPs and fetal-
restricted HSCs. In the lung and gut mucosa, fetal-derived mast cells are largely replaced by bone marrow HSCs.

was also later confirmed in more refined assays.>® Finally, work
from the 1990s described a population of lineage-committed cells
present in the fetal blood.’? These were phenotypically identified
by high expression of Kit, low-level expression of Thy1 and a low
density of granules. They also express transcripts for three dif-
ferent mast cell proteases, Cpa3, Mcpt2, and Mcpt4. These Kithieh

Thy1'" cells are first detected at E14.5, peak in numbers at E15.5
and decline towards birth. In vitro, they efficiently produce mast
cell colonies, but not any other lineages. In vivo, they repopulate
peritoneal mast cells upon intra-peritoneal injection into deficient
W/WHVv recipients. Based on these features, they were considered
circulating fetal mast cell progenitors or “pre-mast cells” that have
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undergone partial differentiation prior to reaching their destina-
tion tissue. Alternatively, this population may represent mature
fetal mast cells that are transiently present in the fetal circulation,
which are terminally differentiated, but phenotypically distinct
from their adult counterparts. Collectively, these findings showed
that mast cells can in principle originate from fetal-restricted pro-
genitors found in the YS and fetal liver. However, they were based
on either in vitro differentiation assays or adoptive transfer into
hosts that were not age-matched and either pre-conditioned by
irradiation or mast cell-deficient. It thus remained unclear whether
fetal progenitors indeed produce mast cells under physiologic con-
ditions, and if mast cells originating from such fetal-restricted pro-
genitors persist postnatally.

These questions were re-addressed recently using genetic fate
mapping, which can establish lineage relationships between progen-
itors and their progeny. Three different fate mapping approaches
unequivocally established that in vivo and under physiological con-
ditions, the first mast cells are produced from YS EMPs.>3%* The
frequency of EMP-derived mast cells gradually declines over time, al-
though sizeable populations are retained in adult connective tissues,
such as the body skin, as well as adipose tissues. Simultaneously, the
frequency of labeled mast cells increases with age in models that
capture later hematopoietic waves. This demonstrated that the first
wave of EMP-derived mast cells is gradually diluted by mast cells
originating from later progenitors. By far and large, the different
models produced consistent data. However, different conclusions
were drawn about the extent to which EMP-derived mast cells per-
sist postnatally, and about which progenitors constitute the second
mast cell wave. We believe that these apparent discrepancies can
be explained by the specifics and inherent limitations of the various
fate-mapping models used (discussed in Box 1). Consequently, we
think existing data can be reconciled in an updated model of mast
cell origins, whereby the first mast cells originate from a single wave
of EMPs that are produced by the YS in a continuous manner (see
Figure 2). These EMP-derived mast cells are then supplemented with
a second wave that originates predominantly from fetal-restricted
HSCs, but may also receive contribution from adult-type HSCs.
Considering that turnover from the BM is very low for mast cells in

2353 such HSC-derived mast cell pro-

connective tissues populations,
genitors might be recruited in the perinatal window prior to settling

in the BM.

1.3 | How do fetal progenitors generate mast cells?

In mice, granule-containing, terminally differentiated mast cells
can first be detected in the developing cornea at E12.5.5% In con-
trast, mast cells loaded with heparin-containing granules have been

reported only at E14.5-E15.5 in the murine and rat skin.4%>%¢

Moreover, others failed to detect them until E16.5 in mouse skin.>*
This indicates that mast cells populate different organs at distinct
developmental stages. Kinetics may even vary slightly for distinct

regions of the same organ, such as the skin, which could explain

differences between studies. As we will discuss later, this may reflect
that mast cell colonization is driven by tissue- and stage-specific de-
mands, as has been discussed for mat:rophages‘57 Lastly, it is possi-
ble that fetal mast cells carry out effector functions even when they
do not yet have granules. Indeed, mast cells found in mesenteric
lymph nodes of adult mice infected with the helminth Trichinella spi-
ralis potently produce IL-4 and IL-6 despite being hypogranulated.®®
During development, mast cells may thus be functional earlier than
granule detection alone would suggest.

In adulthood, progenitors first commit to the mast cell lin-
eage and then undergo terminal maturation in peripheral tissues.
Similarly, EMPs produce macrophage-committed progenitors (“pre-
macrophages”) that enter tissues via the blood stream and give rise
to fetal macrophages. It is thus likely that the same applies to EMPs
producing the first mast cells. Committed progenitors with an imma-
ture mast cell phenotype can be found in the circulation and periph-
eral tissues of developing mice and rats from E11.5 onwards.>*>¢
These do not yet have granules but express cardinal markers of mast
cells such as Kit, as well as several mast cell proteases, at least on
transcriptional level.**°7¢C This indicates that lineage commitment
indeed takes place prior to tissue colonization, while final maturation
of fetal mast cells occurs in tissues.

EMP-derived pre-macrophages populate the fetus in a
chemokine-dependent process.®® This is at least partially medi-
ated by interactions between Cx3cl1 (also known as fractalkine)
and its receptor Cx3cr1,°% which is also expressed by fetal mast
cells and their progenitors.”®%% The Cx3cl1/Cx3crl axis may thus
also be involved in the trafficking of mast cell progenitors to pe-
ripheral tissues. This could be addressed in Cx3cr1 knockout mice.
Considering that for macrophages, numbers in peripheral tissues
are only transiently reduced early during development, and nor-
malized later on, it will be important to also assess the relevance of
this signaling axis for mast cells at the earliest stages possible, that
is, when mast cells are normally detectable in substantial num-
bers in tissues.®> Mast cell progenitor recruitment likely also in-
volves integrin signaling. Integrin a4p7 specifically is expressed by

1% and required for

adult BM progenitors with mast cell potentia
gut homing of mast cell progenitors.® Indeed, integrin adp7 is ex-
pressed by EMP-derived progenitors that can be found in the fetal
liver at E11.5.°%°% These progenitors phenotypically still resem-
ble EMPs,%® except for the lack of CD93 expression.>* Following
in utero transplantation into the liver of age-matched, uncondi-
tioned recipients, these EMP-derived integrin a4p7" progenitors
readily produce mast cells detectable in the skin and peritoneal
cavity by E18.5. Phenotypically similar fetal liver progenitors that
lack integrin a4p7, on the other hand, do not give rise to mast
cells. These data provide proof of concept that EMP-derived fetal
mast cell progenitors are marked by expression of integrin a4p7.
However, integrin a4p7 is also expressed on progenitors for other
immune cells, including BM-derived progenitors for T cells and
innate lymphoid cells, and is often thought of as a more general
tissue homing marker.”® The nature of the mast cell-specific
committed progenitor downstream of EMPs (and potentially other
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BOX 1 What are the origins of the second mast cell wave?

While several experimental strategies all identified yolk sac (YS) erythro-myeloid progenitors (EMPs) as the source of the first mast
cells, different conclusions were drawn about the origin of the second wave. Based on Cdh5-CreERT2 fate mapping, we postulated
that the second mast cell wave derives from adult-type HSCs, whereas Li and colleagues concluded from the Runx1-CreERT2 model
that they originate from “late EMPs,” with a minor contribution from “fetal HSCs.”>* To consolidate these interpretations, it is im-
portant to consider that hematopoietic waves overlap spatially and temporally (see Figure 2). YS EMPs, the much more ill-defined
fetal-restricted HSCs and adult-type HSCs are all initiated in short succession between E8.25 and E10.5. However, each are produced
for at least 1-2days and generate immune cell output for even longer. None of the currently available models can spatially distinguish
YS from intra-embryonic hematopoiesis, and all models available to study mast cell origins rely on a temporally defined distinction
of different progenitors.

Early, late, or one kind of EMPs? The Cdh5-CreERT2 and Runx1-CreERT2 models exploit that the genes driving Cre recombinase are
required for all (definitive) hematopoietic waves. Both rely on 4-Hydroxy-tamoxifen (4OHT) for label induction, the active metabolite
that allows more precise timing than tamoxifen. However, 4OHT remains bio-available for at least 24 hours.?*® There is thus sub-
stantial overlap between progenitors labeled, for example, in Runx1-CreERT2 mice pulsed at E7.5, E8.5, or E9.5. Moreover, the strict
segregation of “early” and “late” EMPs (sometimes also referred to as EMP1 and EMP2) may simply reflect the timing of label induc-
tion, rather than biological differences. “Early” and “late” EMPs labeled in Runx1-CreERT2 mice upon induction at E7.5 or E8.5 might
thus simply correspond to capturing the two extremes of one continuous YS EMP wave. Indeed, intrinsic differences between “early”
and “late” EMPs have not been described to our knowledge. On the contrary, EMPs obtained from the YS and fetal liver at different
stages behave the same in clonogenic assays in vitro.322%” We thus think that rather than constituting a distinct second wave of “late
EMP"-derived mast cells, these still represent the first wave that is generated from EMPs produced in a continuous fashion in the YS.

Fetal-restricted or adult-type HSCs? The question then remains where the second wave of mast cells comes from that gradually
dilutes EMP-derived mast cells. Since bone marrow (BM) transplantation yields very limited mast cells even when transplanted into
newborn mice,>* adult-type HSCs either would need to seed tissues perinatally and bypass the BM, or they are not the major pro-
genitor source. Both options seem plausible: Analysis of adult blood and immune cell lineages with known BM HSC origin confirms
that induction of Cdh5-CreERT2 at E10.5 does label adult-type HSCs,® nonetheless, this approach may also label fetal-restricted
HSCs. Conversely, E9.5 induction in the Runx1 model may not only capture fetal-restricted HSCs, but also some adult-type ones. High
levels of neutrophil labeling in 4 weeks old mice indicate that this is indeed the case, since neutrophils are short-lived and of BM HSC
origin at this stage. A very recent study supports a model whereby fetal-restricted HSCs are the main source of the second mast cell
wave. From a combination of genetic fate mapping, adoptive transfer, and in vitro differentiation assays, Yoshimoto and colleagues
conclude that only the earliest HSCs found in the fetal liver give rise to mast cells, but not those present at a time when adult-type
HSCs dominate prior to BM colonization.®’

It would follow that mast cells are established from YS EMPs, followed by fetal-restricted HSCs. Adult-type HSCs may contribute
in a brief perinatal window without passing through the BM. While mast cells in connective tissues largely self-maintain thereafter,
mucosal mast cells receive further input from the BM after birth.

Immunological Reviews mWYA| LEY-1*

fetal-restricted progenitors) thus remains to be fully elucidated.
Moreover, it is unclear if integrin a4p7 is functionally required for
tissue homing of these progenitors.

Another open question is whether mast cell progenitors can di-
rectly seed fetal tissues, as is the case for the first macrophages, or
always require a fetal liver intermediate. Based on granule staining,
terminally differentiated mast cells may appear after macrophages. It
thus seems plausible that EMPs will first pass through the fetal liver
before committing to the mast cell fate. In support of this notion,
progenitors with mast cell potential can be found in the fetal liver
from E11.5 onwards, and these progenitors give rise to mast cells
when transferred into fetal or newborn recipients.S“""9 Nonetheless,
this does not exclude that a direct route from the YS exists as
well. Indeed, based on transplantation assays, mast cell potential

is present in the YS until E13.5, and mast cells are in fact gener-
ated more efficiently from the YS than the fetal liver until E11.5.!
At E11.5, EMP-derived mast cell progenitors expressing integrin
a4p7 are also already present in the fetal circulation and body.>*
Interestingly, those found in the limbs are transcriptomically very
similar to those in the fetal liver at the same stage, yet do show some
differences in gene expression, suggesting they have either started
differentiating in situ and must have been recruited earlier, and/or
they may have originated elsewhere. To delineate these options,
one would need to compare mast cell progenitors from the different
hematopoietic sites and peripheral tissues at various developmental
stages in a comprehensive manner. Taken together, existing data are
in line with YS EMP-derived mast cell progenitors colonizing the de-
veloping fetus both directly and via the fetal liver.
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Waves of fetal hematopoiesis

o=
U Yolk sac Aorta-gonad-mesonephros
Primitive EMPs Fetal-restricted  Adult type
HSCs HSCs
&) o)
E7.5 E8.25 E8.5 E9.5 E10.5 E14.5 Birth

Labelling in fate mapping models
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FIGURE 2 Waves of fetal hematopoiesis and their labeling using genetic fate mapping in mice. (Top) Overlapping waves of hematopoiesis
during fetal development. Fetal hematopoiesis occurs in a rapid succession of several waves that partially overlap in space and time. The
extra-embryonic yolk sac first produces primitive progenitors that do not contribute to mast cells. This is followed by single, continuous
wave of erythro-myeloid progenitors (EMPs) that produce the first mast cells. At the time that EMPs production ceases, hematopoiesis
commences intra-embryonically in the aorta-gonad-mesonephros region. The first hematopoietic stem cells (HSCs) are fetal-restricted but
remain poorly defined. This is followed by the production of adult-type HSCs that colonize the bone marrow perinatally. (Bottom) Labeling
of distinct and overlapping progenitor waves using genetic fate mapping. Key models that have been used to study mast cell ontogeny

are shown. They depend on label induction in either endothelial cells with hemogenic activity (Cdh5, encoding vascular E-Cadherin),
pan-hematopoietic progenitors (Runx1, encoding a transcription factor essential for hematopoiesis), or myeloid-committed progenitors
(Csf1r, which encodes a growth factor receptor expressed by EMPs). Labeling is achieved through Cre-mediated recombination resulting in
expression of a fluorescent protein. Recombination is induced at specific developmental time points matching hematopoietic waves through
administration of 4-hydroxy-tamoxifen (4OHT). Double quoted annotations indicate what each labeling approach has been interpreted as in
the literature on mast cell ontogeny. However, as discussed in the main text and Box 1, EMPs likely constitute a continuous wave (see main
text and labeling partially overlaps between waves and fate-mapping models). This is illustrated by color-coded bars. Since there is currently
no single fate-mapping model specific to either wave, data obtained in the different approaches should be interpreted in a complementary

manner.

Lastly, it is unclear which signals instruct fetal progenitors to com-
mit to the mast cell lineage. They will likely involve stem cell factor
(SCF) as well as IL-3 and key transcription factors like Gata2, which are
needed for mast cell specification from BM progenitors,”®”? but may
also include additional, fetal-specific factors. We also do not know how
this core program is integrated with tissue-specific signals to define
mast cell (sub)populations. For EMP-derived pre-macrophages, acqui-
sition of tissue-specific transcriptional programs is initiated soon after
their recruitment to peripheral tissues. This depends on unique tran-
scription factors that are induced by micro-environmental cues.! Fetal
mast cell specification may involve similar mechanisms. In line with this,
human fetal mast cells show considerable heterogeneity across devel-
opmental stages (7-17 weeks of gestation) and tissues analyzed, that is,
liver, BM, thymus, spleen, and skin.®° These transcriptional differences
parallel those seen in fetal macrophages.®® Nonetheless, differences
likely also exist. For example, (pre-) macrophages can be imprinted by
environmental cues via phagocytic cargo, whereas mast cell progeni-
tors or “pre-mast cells” may respond to different signals, and/or sense
these in a different way.

1.4 | How are mast cells maintained postnatally?

Decades of work have established that progenitors with mast cell

64,73 and

differentiation potential exist in the adult BM. In both mice
humans,”*”> BM HSCs produce mast cells in a stepwise process from
multipotent (MPP) to lineage-committed progenitors via common my-
eloid (CMP) and granulocyte-monocyte progenitor (GMP) intermedi-
ates.”®”” Within GMPs, bipotent progenitors (BMCPs) characterized
by expression of Kit, CD34, CD16/32, and integrin a4f7 generate ba-
sophils and mast cells. Recent work that transcriptionally profiled BM
progenitors on the single cell level found that BMCPs are segregated
from GMPs by expression of FceR1a and Ms4a2, which, respectively,
encode the a and p subunits of the high-affinity IgE receptor, FceR1.78
Protein expression of FceR1, on the other hand, appears to be vari-
able for committed progenitors in peripheral tissues of mice and is also
not found on human peripheral blood progenitors.”’ How basophil and
mast cell fates are separated within BMCPs is still not fully resolved.
Moreover, although the BM undoubtedly can produce mast

cells, its actual contribution in vivo is limited under physiological
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BOX 2 Mouse models to study mast cell functions

A wide range of mouse models is available to study mast cell functions in physiological and pathological settings. These either lack
all mast cells, some populations or certain mast cell effectors.

tYYWY and KitVs"Wsh mice. In these

Kit mutant mice. Historically, mice were used that carry hypomorphic alleles of Kit, such as Ki
mice, mast cells are absent or reduced because they depend on Kit signaling for their growth and survival. However, Kit exerts pleio-
tropic functions both within and outside the hematopoietic system.1%”248 As discussed by many others, these models are therefore

tW/ Wy

by no means specific for mast cells. For example, Ki mice have fewer neutrophils and basophils, are anemic and sterile. The

Kit"Wsh"Wsh model, on the other hand, is neither anemic nor sterile but has a higher number of neutrophils and basophils. Additionally,
Kit-dependent models lack interstitial cells of Cajal and show abnormal pacemaker activity in the gastrointestinal tract. Results ob-
tained from such models should be interpreted with caution, and their further use is discouraged.

Kit-independent models for mast cell deficiency. Since the 2000s, the field has greatly benefited from the development of Kit-
independent mouse models, many of which are based on the Cre/LoxP system. In these models, Cre recombinase is under the con-
trol of genes expressed (almost) specifically by mast cells. Genes coding for mast cell proteases are commonly used, such as Mcpt5

6|s|-DTA (for

and Cpa3, the genes for mouse chymase and carboxypeptidase A3. Crossing these to the Cre-responsive strains Rosa2
Diphtheria toxin alpha) or Ro0sa26"""PTR (for human Diphtheria toxin receptor), respectively, results in constitutive or inducible deple-
tion of mast cells.?*’ Alternatively, mast cell ablation can be achieved through Cre-mediated depletion of anti-apoptotic factors, such
as Mcl-1. This is the principle underlying “Hello Kitty” mice (Cpa3-Cre; Mcl-1%f).259 |nterestingly, an alternative approach to gener-
ating a Cre line using Cpa3 resulted in a model that constitutively depletes mast cells without further crossing. In these “Cre-Master”
mice (Cpa3cr5/+), knock-in into the endogenous Cpa3 locus results in Cre-mediated genotoxicity.251 Other models were designed
to achieve mast cell depletion in Cre-independent approaches. For example, conditional depletion of can be achieved using “Mas-
TRECK” mice, in which DTR expression is under the control of intronic element of the IL-4 gene that normally drives IL-4 expression
in mast cells.?? In the “red mast cell and basophil” (RMB) mouse, DTR expression is under the control of the gene coding for the B
chain of FceR1 (Ms4a2),?>° allowing for inducible mast cell depletion and hence the study of their functions, for example, at different
disease stages. Collectively, these Kit-independent models have allowed researchers to assess mast cell functions in a more specific
manner. Indeed, using such models, many of the previous findings from Kit-dependent models have been challenged.254 Nonetheless,
these models are not without limitations. One main issue is that many of these also target basophils, albeit to varying degrees.
Reduced basophil numbers are observed, for example, in Mas-TRECK mice. RMB mice are an interesting model in this regard, since
basophils recover much more quickly from Diphtheria toxin-induced depletion than mast cells. This makes this model more mast cell-
specific at later stages. Other potential issues include off-target effects or “Cre leakiness,” which can in principle be a concern for all
Cre-based approaches, as well as varying levels of depletion, certainly in inducible models. We therefore recommended using more
than one model in a complementary manner where possible. Finally, most existing models do not differentiate (well) between (sub)
populations of mast cells. While Mcpt5-Cre mice are useful to distinguish functions of connective-type from mucosal mast cell at
least in the Iung,21 RMB, Mas-TRECK, and Cpa3-based mice are less restrictive. It will therefore be important for the field to develop
new models that allow more subset-specific analysis of mast cells.
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conditions. As introduced above, mast cell replenishment from BM
transferred into lethally irradiated mice is restricted to mucosal
sites like the cecum and stomach, in which approximately 50% of
resident mast cells are of donor BM origin after 8 months.?®>* It
has been suggested that this is due to tissue-specific differences
in radiosensitivity of mast cells. Skin-resident mast cells, for ex-

t,8% and there should thus be less

ample, are largely radio-resistan
need to replenish them from the BM. However, BM contribution is
equally limited in “shielded” chimeras, in which most of the body
is protected from irradiation,> as well as in parabiotic animals that
are not irradiated at all.>* Indeed, over a period of 4.5 months, only
mast cells in the cecum, stomach, and spleen receive sizeable input
from the parabiotic partner.24 Radiosensitivity alone can thus

not explain the strikingly different turnover rates observed for

connective and mucosal mast cells. While cell-intrinsic difference
may also contribute, environmental factors are likely key drivers
of mast cell turnover. Mast cells residing in the intestinal mucosa,
for example, are constantly exposed to food antigens and the mi-
crobiome. This could explain why they show the highest turnover
from the BM, akin to intestinal macrophages.81 Supporting this
notion, mast cells are strongly reduced in the intestinal mucosa
of germ-free mice.®2 Dermal mast cells, on the other hand, do not
receive considerable BM input, despite also populating a barrier
site. They are, however, also reduced and appear less mature in
the skin of germ-free mice.®® It will thus be critical to decipher ex-
actly which factors drive maintenance and replenishment of mast
cells at different sites, as well as their initial colonization during
development.

85U017 SUOWILIOD BAIIaID) 8|qeo!dde ay) Aq pausenob ae sspie YO ‘88N J0 Sejni 1oy AriqiT 8UlIUQ AB|IA UO (SUORIPUOD-PUE-SWB)W0D A8 | IMAteIq Ul UO//:SANY) SUOIIPUOD pUe WIS | 8U188S *[£202/90/90] Uo Ariqiauljuo A3|1M ‘soueld 8ueiyooD Aq TETET JWI/TTTT OT/I0p/u00 A8 | Areiqijeuljuo//sdny wouy papeojumod ‘T ‘€202 ‘XS90009T



CHIA ET AL.

* L wiLey Immunological Reviews

An interesting explanation for the low degree of BM turnover has
been put forward in the 1980-1990s, according to which mature mast
cells may (actively) inhibit progenitor recruitment.8#8 This was pro-
posed to explain why peritoneal mast cells are only replenished from
donor BM when mature mast cells are absent. Potential mechanisms
were not explored, but this model seems to be in keeping with a recent
study. Using genetic complementation at the morula stage, Weitzmann
and colleagues generated animals in which mast cells are labeled by
either RFP or YFP expression under control of McpiES—Cre.86 In this
approach, (ear) skin mast cells form mono-colored clusters, indicating
they have clonally expanded. At steady state, these clusters remain
stable in size and distribution and are independent from BM input.8¢

Moreover, mast cells do not invade adjacent clusters. Mast cell
density and distribution are thus tightly regulated. While the un-
derlying mechanisms remain unknown, the availability of growth
factors will likely play a role. The key growth factor for mast
cells is SCF, the ligand for KIT, which is hence also known as KIT-
Ligand (KIT-L). SCF is required for mast cell (progenitor) chemo-

89,90 proliferation, and survival

taxis,®”88 differentiation, adhesion,
by blocking apoptosis.”*™”® Mutations that render KIT constitu-
tively active cause aberrant mast cell expansion, as we will dis-
cuss below. On the other hand, mice with hypomorphic alleles of
Kit are profoundly deficient in mast cells and have therefore long
been used as models to study their functions. However, SCF is
also important for other cell types and developmental processes,
including hematopoietic stem and progenitor cells, melanocytes
as well as primordial germ cells and spermatogonia in the testis.
Kit-dependent mice are therefore by no means mast cell-specific
and findings obtained in these models should be interpreted with
caution (see Box 2). SCF exists in soluble and membrane-bound
forms, which are the result of alternative splicing of the same
transcript.”® The membrane-bound form is responsible for an-
choring mast cells to the extracellular matrix, and it may also be
the primary isoform required for mast cell development in vivo,
since mice that have the soluble but not the membrane-bound
form are mast cell-deficient.”® SCF can be produced by a range
of non-immune cells including fibroblasts and keratinocytes, and
dermal mast cells are absent in mice in which SCF is specifically
ablated in keratinocytes.83 Mast cells may also produce SCF them-
selves, at least in vitro.?¢ Exactly how SCF production is regulated
remains unclear, but environmental factors like the microbiome
likely play a role. Indeed, levels of SCF and consequently, mast
cell numbers are lower in the skin of germ-free compared to con-
ventionally housed mice.®3 While clearly important, availability of
SCF and local mast cell density are unlikely the only factors which
determine the extent and rate of their replenishment. Indeed, BM
reconstitution is also surprisingly low even when recipients are

t,%7 in which it could be

used that are genetically mast cell-deficien
expected that the empty mast cell compartments are readily and
rapidly repopulated from wild-type progenitors. Replenishment
from grafted wild-type BM is not only very slow, it also does not

restore wild-type numbers.8477%8 As these examples illustrate, we

still do not fully understand which factors control mast cell num-

bers in healthy tissues.

1.5 | Non-homeostatic mast cell replenishment

It has been proposed that BM progenitors are a primary source of
mast cells following environmental perturbations, such as inflam-
matory insults.””% In an early publication, donor BM-derived mast
cells appeared in the skin of lethally irradiated mice at sites that had
been painted with methylcholanthrene, an irritant chemical with
carcinogenic effects.’®? Substantial influx of BM progenitors to the
skin also occurs following application of 12-O-tetradecanoylphorb
ol-13-acetate (TPA), a small molecule drug originally derived from a
plant that induces skin rashes.® Within TPA-treated inflamed skin,
BM progenitors clonally expand and invade the territories of pre-
existing mast cells.¢ Similarly, Dwyer and colleagues identified a
population of progenitor-like immature mast cells in nasal polyps of
patients with chronic rhinosinusitis.'°? These are distinct from cir-
culating mast cell progenitors and appear highly proliferative. Cells
with similar features were also found in fibrotic and asthmatic lung
tissue.10? Finally, mast cell progenitors are also recruited to the air-
way mucosa upon allergic sensitization.’°® These are thought to be
BM-derived, although this was not formally shown. Indeed, mast

04 and murine adipose

cell progenitors are also present in the spleen
tissues,'% to which the latter are mobilized upon experimental myo-
cardial infarction.'®® As in mice, committed mast cell progenitors (or
immature mast cells) have also been found at extra-medullary sites
in humans, including the spleen and a range of non-lymphoid tis-
sues, and they too can be recruited in inflammatory conditions.’®
Overall, available data thus indicate that following perturbations,
replenishment, or expansion of tissue-resident mast cell popula-
tions can be achieved via several, complementary mechanisms.
Progenitors can be mobilized from the BM or alternative sources,
and/or recruited progenitors and (remaining) mature mast cells can
(further) expand in the affected tissue by proliferation. The exact
sources and cellular mechanisms underlying mast cell replenishment
and hyperplasia in non-homeostatic conditions likely depend on the
nature of the insult.

In summary, mast cells are versatile immune cells that arise
during fetal development and show considerable heterogene-
ity between and within tissues and in response to environmental
perturbations. They are also heterogeneous with respect to their
ontogeny. Connective tissue-resident mast cells originate from
YS EMPs and likely later fetal-restricted progenitors. Once estab-
lished, they self-maintain independently from the BM. Mucosal
mast cells, on the other hand, are partially replenished from the
BM over time. Mast cell phenotypes are thus likely shaped by their
origins and the microenvironments they encounter. As we will dis-
cuss in the following section, their functions may be adapted to the
challenges of distinct life stages, and can potentially be co-opted in

pathological settings.
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2 | IMPLICATIONS OF MAST CELL
ONTOGENY FOR LIFE-LONG HEALTH AND
DISEASE

Mast cells are best known for mediating allergy and anaphylaxis,
but they also have other pathological roles. Aberrant expansion or
activation of mast cells causes conditions known as mastocytosis
and mast cell activation syndrome, and mast cells are also found
associated with tumors. On the other hand, mast cells can also be
protective, for example against Staphylococcus, honeybee, and snake
venom.>” Moreover, they have also been implicated in a variety
of non-immunological processes. These range from metabolism
and neuronal crosstalk to tissue remodeling, wound healing, and
angiogenesis,'%’ conditions that are biologically reminiscent of de-
velopment. Here, we discuss how their ontogeny may be relevant to

healthy development and pathology.

2.1 | (Potential) functions of mast cells in early life

Fetal mast cells share their YS EMP origin with macrophages, which
are known to have pivotal roles in development.31’32'48 Rather than
waiting for adult-type HSCs that become the dominant source of
immune cells perinatally, fetal tissues are thus seeded with mast
cells from the earliest possible source, suggesting they are required
before birth. Indeed, mast cells appear to be functionally mature at
fetal stages: In mice, mast cells detected as early as E12.5 in the cor-
nea and E14.5 in the skin already contain characteristic granules.”®>°
At least on transcript level, fetal mast cells also express key effec-
tors like proteases.>®°*¢3 This is also true for human fetal mast cells,
which express, for example, TPSAB1, the gene encoding tryptase,
and carry granules.>%%3 While surface expression of FceR1 is only
upregulated perinatally,53’63 fetal mast cells express other receptors
through which they can sense the environment, such as the IL-33
receptor.5¥54%% They can also respond to environmental signals and
stressors already in utero.®® Producing functional mast cells at fetal
stages may therefore serve at least two different purposes: Fetal
mast cells could help protect from immunological threats before the
adaptive immune system is set up, and/or they may support devel-

opmental processes.

2.1.1 | Do mast cells contribute to protective
immunity at pre- and early postnatal stages?

In adults, mast cells have important functions in protective immu-
nity from certain bacteria,* helminths®# and animal venoms.®” They
are potent immune effectors that can rapidly respond to harmful
stimuli owing to their intracellular granules loaded with pre-formed
effectors. Furthermore, mast cells precede the adaptive immune
system both ontogenetically and phylogenetically. It seems plausible
therefore that mast cells are also important for protective immunity
in early life. One hypothesis is that they are present prior to birth
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primarily to prepare newborn mammals for immunological threats,
for example from venomous animals or helminths. Specifically, it
has been proposed that fetal mast cells may be primed in utero,
for example through maternal IgE, allowing stronger and faster re-
sponses to harmful stimuli encountered after birth.1%%31%8 |f they
were indeed critical for protective immunity in early life, it could be
reasoned that prevalent infections constitute a strong evolutionary
driver for maintaining mast cells. Helminth infections, for example,
affect approximately one-third of the total population, with strong
regional bias towards tropic regions.}’” Helminth infections are not
commonly thought to be vertically transmitted to the fetus, however,
transplacental infection has been described.!'® Moreover, trans-
mission through the mammary glands is a major route of infection
after birth.!*! Even where they are maternally restricted, helminth
infections could be sensed by the developing fetus, for example by
maternal cytokines.112 This is evidenced by a growing body of litera-
ture reporting protective effects of maternal helminth infections on
offspring susceptibility to allergic disease. While seemingly at odds
with potentiating postnatal immunity, the effects of maternal infec-
tions appear to be dependent on the phase of infection experienced
during pregnancy, which for example for Schistosoma mansoni ranges
from a predominantly type | and Il to a regulatory response.*? It is
thus conceivable that in utero priming of fetal (-derived) mast cells
by maternal helminth infections can indeed potentiate anti-helminth
immunity in infancy. Such a mechanism could be important consid-
ering that protective immunity against helminths is normally slow to
develop.109

In addition to preparing for potential threats after birth, fetal
mast cells may already have protective immune functions in utero.
This might be of particular relevance for infections that can cause
developmental defects, preterm delivery, or stillbirth, such as Group
B Streptococcus.t*®1** Recent work demonstrated that mast cells
help defend against these bacteria through the coagulation factor
XA It seems possible that fetal mast cells may complement
the action of the maternal immune system, and thereby safeguard
fetal development. Although there is currently no experimental data
showing this directly, human fetal mast cells acquire transcriptional
signatures compatible with immune effector functions already from
10weeks of gestation onwards.?®1 Future studies should thus

address if fetal mast cells help protect from maternally transmitted

infections.
2.1.2 | Do mast cells support developmental
processes?

Threats from parasites, other infectious agents or venomous ani-
mals may be common at least in wild animals and some human
environments. Yet, one could argue that challenges intrinsic to de-
velopment affect all individuals of a population. If fetal mast cells
supported developmental processes to overcome such challenges,
then these would be powerful evolutionary drivers for maintain-
ing MCs in early life. Although the idea that mast cells support
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10,11,60,117 mice that

developmental processes has gained traction,
lack mast cells develop normally without obvious defects, and
mast cell deficiencies have not been reported in humans. The
current consensus therefore is that mast cells are dispensable
for development. Nonetheless, there is some evidence support-
ing developmental roles for mast cells. In rodents, they have been
implicated in vasculature and nerve branching of the developing
cornea.> Mast cells colonize the developing cornea in two waves.
The first mast cells concentrate around the corneal stroma from
E12.5 onwards and disappear by the time of eyelid opening. A sec-
ond wave of mast cells settles in the corneal limbus within the first
postnatal week and stabilizes thereafter. These are recruited to
the corneal limbus via a mechanism that depends on integrin a4f7
and Cxcr2.% These kinetics mirror those of mast cells in other
tissues, suggesting corneal mast cells may have similar develop-
mental origins. At both stages, expansion of the local network to
the required density may be achieved through in situ proliferation
of mature mast cells. Of note, the area covered by blood vessels
and the density of nerve fibers are both significantly reduced in

tWsh/Wsh mice that do not have corneal mast cells.>

newborn Ki
This indicates that fetal mast cells mediate vascular and nerve
branching in the developing cornea. The underlying mechanisms
have not been explored in detail, but it was reported that corneal
mast cells produce vascular endothelial growth factor (VEGF) and
neurturin, which, respectively, have angiogenic and neurotrophic
actions. In agreement with this, inappropriately high levels of mast
cell-derived VEGF promote neovascularization in the adult cornea,
that is, excessive angiogenesis that can lead to impaired or lost
vision.118

Mast cells can also be found in the developing brain of mice>*
and rats,* including the pre-optic area.*?® This brain region is es-
sential for male copulatory behavior, which is marked by a higher
synaptic density compared to females. Late fetal and early postnatal
stages are critical for sexual differentiation in this region. At these
stages, mast cell numbers are higher in the pre-optic area of males,
where mast cells are actively degranulating in response to estradiol
released due to a surge in testicular hormones.*?° Pharmacological
inhibition of mast cells at late fetal stages dampens copulation be-
havior in adult male offspring, suggesting that masculinization is nor-
mally mediated by mast cells. Conversely, perinatal administration
of exogenous estradiol or mast cell activation using the compound
48/80 both partially masculinize the copulation behavior of female
mice. Mechanistically, mast cells modulate synaptic patterning indi-
rectly through crosstalk with microglia.*?® Mast cells thus regulate
sexual differentiation in the brain during development in a hormone-
responsive manner and via mechanisms that involve other immune
cells. Whether they also contribute to other developmental pro-
cesses in the brain remains to be explored.

Developmental roles for mast cells may also extend beyond the
fetal period, since many tissue maturation or remodeling processes
continue or take place after birth. For example, female organs asso-
ciated with reproduction undergo substantial tissue remodeling in
preparation for pregnancy. In many aspects, the underlying biology

of such tissue remodeling closely resembles fetal organogenesis. In
the resting, non-pregnant uterus, the blood vessels are thick-walled.
Early during pregnancy, these are converted into thin-walled vessels
with large lumens.*?! This allows for effective exchange of oxygen
and nutrients to meet the increased demands to the developing
fetus. Of the innate immune cells that reside in the female reproduc-
tive organs, mast cells seem to be of particular importance for re-
productive success. In the uterus, mast cell numbers increase during
the receptive stage of the estrous cycle and early pregnancy, when
they are in close association with the blood vessels at the implan-
tation sites.}??123 Mast cell-deficient female mice display defective
spiral artery remodeling and impaired implantation, collectively re-
sulting in fetal growth restriction.'2224125 |nterestingly, mast cells
appear to mediate these processes cooperatively with uterine NK
cells, since both can (partially) compensate in the absence of the
other.*?® This functional redundancy may be a safety measure en-
suring appropriate uterine remodeling. Mast cells have also been
implicated in mammary gland remodeling at key developmental
and reproductive stages. Mammary gland development is initiated
at E10.5 in mice, but there are only a few rudimentary branches at
birth. The glands remain relatively quiescent until puberty, when
the ducts undergo rapid proliferation and branching, and epithelial
cells form terminal end buds at the end of rudimentary ducts. Cells
from these terminal end buds then invade the surrounding adipose
tissue and form branches until the ductal tree is completed. During
pregnancy, branching continues and ductal epithelium proliferates
and differentiates to ultimately form the milk-secreting alveoli.
Weaning then triggers mammary gland involution and return to the
pre-pregnancy state. Mast cells localize to the terminal end buds of
the mammary gland ducts during puberty, lactation, and subsequent
involution.'?41?” Mast cell-deficient Kit"*"""s" mice show a delay in
pubertal ductal branching.*?® Whether the transient nature of this
defect is due to functional compensation by other cells is unknown.
Likewise, the mechanisms by which mast cells may support branch-
ing morphogenesis in the mammary gland are not fully understood,
but IL-33 signaling, and mast cell proteases are likely involved. The
plasminogen cascade and the signaling axis between IL-33 and its
receptor ST2 have been associated with both normal mammary

129130 5nd IL-33 signaling is

gland development and tumorigenesis,
important for mast cell survival and activation.’*%*32 In the puber-
tal and post-lactational mammary gland, mast cells also produce the
protease plasma kallikrein, which activates the plasminogen cas-
cade.'?” Mast cell proteases may also enhance IL-33 signaling®® and
promote stromal remodeling via secretion of pro-inflammatory cyto-
kines like IL-6'3%13% and 1L-13.13%1%7 |t is thus possible that effectors
released by mast cells directly affect mammary gland remodeling,
independently of other immune cells.*?®

Finally, single cell transcriptional profiling recently demonstrated
that the earliest mast cells found in human fetuses express tran-
scripts for pro-inflammatory cytokines and chemokines involved
in recruitment of endothelial cells.® This has been interpretated as
an indication that fetal mast cells are involved in tissue morphogen-

esis or angiogenesis also in humans.®® Although there is currently
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no further evidence for this, it has previously been speculated that

|’107 a hy_

human mast cell deficiencies may be embryonically letha
pothesis that we think should be considered.

In conclusion, there is some evidence that mast cells do sup-
port healthy development at pre- and postnatal stages. Future
studies should address if fetal(-derived) mast cells are important
for protective immunity before and shortly after birth. Moreover,
we believe that evolutionary and developmental considerations
provide a strong rationale to explore if and how mast cells support
developmental processes more broadly. As the examples of the
cornea, brain, and mammary gland illustrate, mast cells are likely
involved in fine-tuning such processes. The consequences of lack-
ing mast cells may therefore be difficult to detect, in keeping with
the overall normal appearance of mast cell-deficient mice and the
apparent absence of (symptomatic) human mast cell deficiencies.
Moreover, even where mast cells did normally support tissue mat-
uration, other cell types may be able to compensate in their ab-
sence. As suggested for the mammary gland, mast cell deficiency
may thus result in subtle, transient phenotypes or developmen-
tal delays, rather than persisting overt defects. Addressing their
roles in normal development will thus require hypothesis-driven,
in-depth analyses of kit-independent mast cell-deficient models
(see Box 2) at key stages relevant to the tissue of interest. Models
allowing stage-specific ablation may further aid in this. With
such carefully designed approaches, we may ultimately be able
to assess the relevance of findings obtained in mouse models for

human development.

2.2 | Abnormal mast cell development and
pathology

Instead of supporting healthy development, mast cells can also be-
come pathological. They can either rendered pathological them-
selves, through mutations or environmental programming, or their
normal functions may be co-opted for example by the tumor micro-
environment. In the following, we discuss how mast cell ontogeny

may be relevant to pathology.

2.21 | Mastocytosis and mast cell activation
syndrome

Mastocytosis refers to a group of rare, heterogeneous disorders
characterized by aberrant, clonal expansion of mast cells, which are
accordingly classified as myeloproliferative neoplasms. Most cases
are benign, but mastocytosis can also be associated with other

8 or can itself become malignant.

hematological malignancies,*®
Symptoms are complex and reflect the broad spectrum of biological
activities of the released mast cell effectors. They range from skin
reactions like itching, an increased risk of anaphylaxis and general
fatigue to gastrointestinal complications such as cramps, diarrhea,

and nausea as well as pain in muscles and joints.
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Different forms of mastocytosis are distinguished according to
the affected tissues as well the age of onset and clinical course. In
cutaneous forms, mast cell expansion is restricted to the skin. The
first case of mastocytosis described as early as 1869 was Urticaria
pigmentosa,’*? a cutaneous form, although it was only recognized as
a mast cell disease several years.*° In addition to the skin, systemic
mastocytosis often also involves the BM and additional sited includ-
ing lymphoid organs like spleen and lymph nodes and other internal
organs like the gastrointestinal tract and liver. In some cases, symp-
toms associated with systemic disease like gastrointestinal cramping
and anaphylaxis occur without apparent involvement of the BM.1#
Cutaneous and systemic mastocytosis are further distinguished
from mast cell malignancies.'®®142143 Different types of mastocy-
tosis also show a remarkable distinct clinical course: Pediatric-onset
disease is predominantly cutaneous, tends to follow a milder clinical
course and usually regresses spontaneously by adolescence. Adult-
onset disease, however, is more frequently systemic and does not
normally regress. While most adult patients have stable disease with
different severities, adult mastocytosis can also turn into more ag-
gressive, systemic disease, and even malignancy,**4*> which both
have poor prognosis.“‘"'147 Although attempts at a better classifica-

tion are made regularly,**®

mastocytosis remains clinically complex,
and curative treatments are currently lacking. There is thus currently
an urgent clinical need to improve patient stratification and explore
new therapeutic avenues.

The cause of mastocytosis is mutational hyperactivation of KIT,
the tyrosine kinase receptor for stem cell factor, which mast cell de-
velopment and survival depend on. These mutations are typically
somatic, and germline mutations are very rare.X*71%5 They result
in constitutive or ligand-independent KIT signaling, leading to un-
controlled mast cell expansion. Auto-activating KIT mutations are
a shared feature of different types of mastocytosis.'>® Most com-
mon is a substituting point mutation in codon 186 (D186V), which
is found in 80% of adult patients.'®” Although less abundant in
these patients, this mutation still accounts for almost 40% of pe-
diatric cases, and of the remaining pediatric patients, another 40%
carry activating mutations in other regions of the gene.r®**>” This
indicates that while the specific nature of the mutations may have
some prognostic relevance, different mutation unlikely explain the
distinct clinical courses of transient pediatric and chronic adult dis-
ease. Indeed, progress in our understanding of disease etiology on
both, the cellular and molecular level notwithstanding, we still do
not understand the biological differences underlying these striking
differences.

One aspect that has received limited attention is the possibil-
ity that pediatric- and adult-onset mastocytosis may have different
cells of origin, specifically EMP-like progenitors and HSCs. Indeed,
persistence of adult- and spontaneous regression of pediatric-onset
disease resemble the normal kinetics of mast cell development that
we have outlined above: In mice, the first, YS EMP-derived mast cells
are gradually replaced by mast cells originating from later progenitor
waves.?>* These changes mainly occur from late fetal to early post-
natal stages, which correspond to the time pediatric- and adult-onset
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are clinically distinguished, and the age regression often occurs in
pediatric-onset patients. Intriguingly, activating KIT mutations have
been described in HSCs and more committed downstream pro-
genitors in the BM and peripheral blood of adult patients with sys-
temic disease,”” >8¢! put not pediatric patients. This supports the
hypothesis that pediatric- and adult-onset mastocytosis may have
distinct cells of origin. To test this notion experimentally in mice, ac-
tivating KIT mutations could be introduced into different mast cell
progenitors using Cre recombinase technology, an approach that
causes mastocytosis in vivo.'¢?

Another condition caused by aberrant mast cell responses is
known as mast cell activation syndrome (MCAS). This heterogeneous
disease is characterized by recurring episodes of allergic and ana-
phylactic symptoms, which typically involve multiple organ systems,
such as the skin, lung, heart, and gastrointestinal tract. Common
symptoms include skin itching, swelling, and flushing, wheezing, ab-
dominal pain, cramping, and diarrhea. These symptoms are driven by
high levels of potent mast cell mediators,'®® such as tryptase, hista-
mine, leukotriene E4, and prostaglandin D2.1%* MCAS can present
in combination with mastocytosis and other mast cell-related co-
morbidities such as Ehlers Danlos Syndrome, a rare genetic condition
affecting connective tissues. Most cases of MCAS are idiopathic,*¢*
however. Symptomatic MCAS episodes appear to be triggered by
environmental exposures, for example to psychological stress,'¢®
sudden temperature changes or odors and chemicals.*®® In addition
to triggering symptoms, environmental exposures may also contrib-
ute to MCAS etiology: A recent study has explored a possible link
between MCAS and (acquired) chemical intolerance, and proposed
that xenobiotic exposures also render mast cells hyper-sensitive in
the first place.’®® This study suggested that mast cell sensitization
may be the result of either isolated high-dose exposures, or cumula-
tive low-grade exposure events. Since mast cells are long-lived, both
scenarios could induce long-lasting changes, for example, through
epigenetic mechanisms, thereby causing MCAS. As mast cells are
already present and responsive from fetal stages onwards, these
considerations may extend to the pre- and early postnatal period.
Indeed, MCAS can also affect children, and it is therefore tempting
to speculate that environmental exposures experienced in utero or
shortly after birth contribute to MCAS etiology. Keeping in mind the
normal developmental kinetics of mast cells outlined above, it will
be important to delineate the relative contribution of fetal-derived
and adult mast cells to MCAS pathogenesis, as well as to decipher to

what extent the underlying biology is shared or distinct.

2.2.2 | Mastcells as targets of developmental
programming

Based on numerous epidemiological studies, it is now firmly estab-

lished that adult health and disease have developmental origins.*¢”

Exposure to adverse environments in utero or at early postnatal

stages is associated with a wide range of non-communicable dis-

8

eases,'®® many of which are characterized by inflammation and

aberrant immune responses.’®” Maternal infections and inflamma-
tion, psychosocial stress, nutrition, pollution, and chemical expo-
sures are among the many early life stressors shown to increase the
risk of developing such pathologies. This phenomenon is known as
pathological or developmental programming. Their ontogeny may
make mast cells particularly susceptible to developmental program-
ming: They are already present and phenotypically plastic at fetal
stages and can sense environmental perturbations.®>'’° They are
also long-lived and many fetal-derived mast cells persist postnatally.

Much like macrophages,®”’?

with which they share developmental
origins, mast cells may thus be functionally altered by exposure to
early life adversity and thereby mediate or worsen disease in later
life.

Allergy is a cardinal mast cell-mediated pathology with estab-
lished roots in early life. Allergic symptoms are caused by aberrant
activation and degranulation of mast cells in response to otherwise
innocuous stimuli and range from localized swelling and itching to
life-threatening anaphylaxis.'’? The incidence of allergy is on the
rise, both in developed and developing countries.”3"*”> Yet, while
the central role of mast cells in driving pathology has long been es-
tablished,'? the etiology of allergy remains unclear. Sensitization to
allergens may begin before birth.'76"Y? Indeed, heredity of allergy
is more strongly associated with maternal IgE compared to paternal
IgE.18%18L A recent study provided a biological basis of this phenom-
enon with the demonstration that fetal mast cells are sensitized by
allergen-specific maternal IgE that passes the placenta, resulting in
hypersensitivity upon postnatal encounter with the aIIergen.“’3 This
mechanism thus propagates maternal disease to the next genera-
tion and could explain the rapidly rising incidence of allergic disease.
Additional stressors may also play a role in programming allergy
in offspring. The rise in allergy incidence has also been associated
with a reduced exposure to microorganisms in early childhood.!®?
In what is known as the hygiene hypothesis, it was postulated that
reduced microbial exposure results in a functionally restricted, “in-
experienced” immune system that may be biased towards type Il
responses.'® This view may be oversimplified, however, and it origi-
nally did not take into account the prenatal period, although prenatal
exposure to microorganisms inversely correlates with the risk of de-
veloping atopy.184 It has since been proposed that restricted mater-
nal microbial exposure also renders their offspring hypersensitive,
and that this is at least in part mediated by effects on fetal immune
cells or their progenitors.'® In keeping with the hygiene hypothesis,
germ-free mice have reduced mast cell numbers in the intestinal mu-
cosa and are resistant to food allergy models.®? Future studies need
to determine exactly how mast cells are shaped by fetal and new-
born microbial exposure. They should also explore if and how mast
cells are developmentally programmed by other stressors associated

186 187-189

with allergy, such as pollutants, ® nutrition and psychosocial

distress.1?°

A firm link with early life adversity has also been established
for neuro-developmental and psychiatric disorders,'?! and immune
dysregulation is involved in driving these pathologies.'”>?% Central

nervous system mast cells may be involved. Indeed, mast cells have
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194 and MCAS patients frequently report

been linked to anxiety,
suffering from psychiatric symptoms.?>1%¢ As discussed above,
MCAS may be triggered by cumulative exposures to environmental
triggers and may hence represent another example of mast cell pro-
gramming. Hyperactivation of meningeal mast cells and behavioral
changes were also reported upon maternal separation, an animal
model for early life stress. Specifically, maternal separation results in
reduced sucrose preference, a symptom of depression in rodents.'?”
These effects are more pronounced in females than in males.'?”
Stress-associated hyperactivation of mast cells may also play a role
in neurodegenerative diseases.!”817?

Lastly, mast cells are also associated with the peripheral nervous

201 and mast

system, for example in the gut.?°° Early life adversity
cell-neuronal interactions have been proposed as drivers of abdom-
inal pathogenesis in gastrointestinal diseases like irritable bowel
syndrome (I1BS).2°%2°2 The combination of maternal separation and
early weaning induces symptoms of IBS in pigs, and these correlate
with increased numbers and activation of intestinal mast cells.2%3
Intestinal mast cells are also increased and hyperactivated in mice
following maternal separation, and myenteric glia displayed a height-
ened responsiveness to histamine.?° Mast cell hyperactivation by
stress is likely at least in part driven by the corticotrophin-releasing
hormone (CRH) axis that regulates physiological stress responses.?%®
Moreover, aberrant placental CRH signaling has been liked to neuro-
developmental alterations in the fetus,?°® which could be driven by
mast cells. Indeed, mast cells express receptors for CRH?%%2%8 that
may act in an antagonistic fashion. Signaling via CRH1 receptors trig-
gers mast cell degranulation,205 whereas signaling through CRH2 re-
ceptors does not.?%? Mast cell hyperactivation may thus for example
be mediated by a disbalance in CRH receptors, which could be epi-
genetically imprinted. Microglia are developmentally programmed
by prenatal stress in this way,?'® and similar mechanisms could thus

apply to mast cells.

2.2.3 | Could ontogeny be the key to
understanding the roles of mast cells in cancer?

Mast cells were first found associated with carcinoma by Paul
Ehrlich.?** They are present in most solid tumors, where they may
shape the tumor microenvironment and determine therapy response
like other immune cells. Mast cells can affect tumor growth in sev-
eral ways: They can promote angiogenesis through production of
VEGF and Fibroblast Growth Factor 2 (FGF2), and indirectly through
degradation of the extracellular matrix, which results in release of
additional pro-angiogenic factors.?*? Matrix degradation also sup-
ports malignant tissue remodeling and tumor invasiveness.?!® Mast
cells can also directly impact malignant cells. For example, mast cell-
derived histamine and TNF-a regulate cytokine production by tumor
cells, and tryptase can inhibit melanoma proliferation.?** Finally,
mast cells can promote either an immuno-suppressive tumor envi-
ronment®*> or potent anti-tumor immunity, for example by recruit-

ing cytotoxic lymphocytes.?!® Nonetheless, their roles in cancer

Immunological Reviews mWYA| LEY- 1 ®

have remained heavily debated. In clinical and experimental stud-
ies alike, mast cells have been associated with both, beneficial and

detrimental outcomes. This is true often even for the same tumor

217,218 Iung 219,220 |221,222
)

types, including pancreatic, colorecta and

223-225 35 well as melanoma.?202267230 Other reports

231-233

prostate cancer
concluded they have no role at all.

The literature on melanoma is particularly controversial. Pro-
tumorigenic roles for mast cells were reported in studies from the
early 2000s, which found a correlation between mast cell counts
and poor prognosis.234*235 These studies suggested that mast cells
promote tumor angiogenesis through VEGF. Other studies reported
anti-tumorigenic roles for mast cells in melanoma. For example, one
report found that low densities of tryptase- and chymase-positive
mast cells correlate with poor prognosis and a higher melanoma
grade.236 The authors suggested that high concentrations of serine
proteases in the tumor microenvironment might impair melanoma
growth. Indeed, it was later shown that melanoma cells can take
up tryptase via exosome trafficking.?** This led to cleavage of his-
tone H3 and lamin B1 and extensive nuclear remodeling, ultimately
leading to reduced tumor growth. Of note, cleavage of histone H3
and loss of lamin B1 also occur during cellular senescence,237'239 a
process known to limit tumor progression. Finally, several mouse
studies have found that the absence of mast cells has no effect on
skin carcinogenesis or the growth of subcutaneously inoculated
melanoma.?3¥2% They have thus concluded that mast cells are not
essential for either melanoma growth or anti-melanoma immunity,
and that mast cells are rather inert “bystanders.” This interpretation
remains difficult to reconcile with their (peri)tumoral enrichment,
however, which suggests active recruitment. An alternative explana-
tion is that melanoma-associated mast cells comprise different pop-
ulations with distinct and potentially antagonistic effects on tumor
growth. Although the Cre/LoxP-based models used in these stud-
ies represent a major improvement over traditional Kit-dependent
models (see Box 2), many target mast cells rather indifferently.
Indeed, subcutaneous growth of B16 melanoma is unaffected in
Mcpt5-Cre:RosaP™ mice, 231232 which lack all mast cells in the skin.
Intriguingly however, B16 metastases are drastically reduced in the

232 where only connective-type mast cells are absent, but the

lung,
mucosal-type population marked by expression of integrin a4p7 is
retained.?! This highlights how taking the heterogeneity of tumor-
associated mast cells into consideration could unravel biological
functions that may otherwise be masked.

A key determinant of the heterogeneous mast cell functions in
the tumor microenvironment may be their ontogeny. Again, much
can be learned from the comparison with what we know about
macrophages in tumors. Macrophages are recruited either de novo
from BM-derived monocytes or as pre-existing mature cells from
surrounding tissues, which again can have different origins. Fetal-
derived macrophages are often recruited to tumors at early stages?*°

h240-242 and metastatic spread.?*® They can

to promote their growt
also selectively interact with stromal cells that have reactivated
fetal features, generating an “onco-fetal ecosystem” characterized

by marked immuno-suppression.?** Specifically, in hepatocellular
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carcinoma, fetal-derived macrophages characterized by expression
of folate receptor beta (FOLR2) promote vascularization, prolifer-
ation, and an immuno-suppressive environment through selective
interaction with endothelial cells expressing Plasmalemma Vesicle
Associated Protein (PLVAP), a marker of fetal liver endothelium.?*4
Similar mechanisms may be at play in other tumor types.?*+?4> Based
on their shared ontogeny, it is thus tempting to speculate that simi-
lar considerations also apply to tumor-associated mast cells. Future
studies will need to address if they are recruited to tumors from dif-
ferent sources and at distinct stages, and whether such populations
impact tumors in different ways.

3 | OPEN QUESTIONS AND FUTURE
DIRECTIONS

Ourinsight into mast cell biology is ever evolving. Advances in mouse
models not only helped clarify their roles in a range of pathologies
but also enabled the discovery of previously unappreciated mast
cell functions. Through deep phenotyping, (single cell) transcrip-
tomics, and proteomics, it has become abundantly clear that these
cells are more heterogeneous than what is captured by the classi-
cal dichotomy of mucosal- and connective tissue-type mast cells.
These approaches have also enabled studying human mast cells with
unprecedented resolution. We also now have an overhauled under-
standing of mast cell development. Mast cells are already present in
the fetus, where they can sense and respond to environmental sig-
nals and thus, appear functionally mature. They are long-lived, and
most mast cell populations found in healthy connective tissues are
established in the pre- or early postnatal periods and subsequently
self-maintain with site-specific, but overall low input from the BM.
These developmental dynamics have far-reaching implications for
mast cell biology in health and disease (see Figure 3): Their presence
at early life stages suggests that mast cells may be needed during
development. Their early life origins and longevity also make mast
cells highly susceptible to genetic and environmental insults, which
may render them pathological. Much like for macrophages, mast
cell identity, and functions are thus likely shaped by their ontogeny,
that is, the combination of their cellular sources and differentiation
trajectories, the time they have spent in the tissue, the cumulative
(micro)environmental signals they are exposed to during their lifes-
pan, and any (epi)genetic changes resulting from these exposures.
We believe that studying mast cells within this framework will help
resolve persisting controversies and unravel the many aspects of

their biology that remain poorly understood.

3.1 | Whatis the relative contribution of different
progenitors to mast cell (sub)populations?

While it is now firmly established that the first mast cells originate
from EMPs produced in the extra-embryonic YS, it is less clear to
what extent these and subsequent progenitor waves contribute to

the various mast cell compartments throughout life. Existing data
from several fate mapping systems are best reconciled in a model
in which most mast cells found in adult connective tissues origi-
nate from fetal-restricted progenitors, with a sizeable contribution
of YS EMPs. The remainder of connective as well as a proportion
of mucosal tissue-resident mast cells originates from either fetal-
restricted or adult-type HSCs, or a mixture of both. To distinguish
these possibilities, additional fate-mapping models are required that
better differentiate these successive hematopoietic waves. Future
studies on their origins will also need to better appreciate mast cell
(sub)populations, such as those in the lung marked by presence or
absence of integrin a4p7.

Progenitors with mast cell potential are also present in mouse
and human BM, but their contribution is tissue- and potentially
environment-specific. At steady state, most mast cell populations in
mouse connective tissue are only minimally supplemented from the
BM. While mucosal sites recruit more BM progenitors, the overall
contribution during adult homeostasis remains considerably lower
than for many other tissue-resident lineages. At this point, we do not
know exactly which signals drive BM recruitment at homeostasis.
Considering that the abundance of BM-derived mast cells is highest
in the gut and lung mucosa, the microbiome may be a factor. On the
other hand, skin-resident mast cells are largely self-maintained with
neglectable BM input. It is therefore important to comprehensively
(re)-assess the contribution of BM progenitors to mast cells across
the lifespan and sites, again taking into account subpopulations that
may exist even within the same organ. Beyond the steady state, we
should determine to what extent mast cells are generated de novo
from the BMin response to infection or acute inflammation, whether
BM-derived mast cells persist following resolution of these insults
and how they compare to pre-existing mast cells. Similar consider-
ations apply to chronic inflammatory conditions and cancer. Finally,
it will be invaluable to expand on pioneering (single cell) transcrip-
tomics studies in humans, using, for example, deep sequencing for
somatic mutations in mitochondrial or nuclear DNA, technologies
that provide a readout for cellular origins and lineage relationships.

3.2 | When, where, and how are mast cells
specified from fetal progenitors?

Despite continued progress in deciphering mast cell develop-
ment, we still do not fully understand when, where, and how fetal
(-derived) mast cells are specified from their progenitors. This is in
part because the kinetics with which mast cells and their progeni-
tors colonize fetal tissues are incompletely resolved. Mast cells
can first be detected in humans from the 8th gestational week
onwards. Relative to the length of gestation, this is earlier than in
rodents, where the first granule-containing mast cells have been
identified at E12.5, more than halfway through fetal development.
In both humans and rodents, mast cells also seem to colonize dif-
ferent sites with distinct kinetics. These kinetics could poten-
tially reflecting stage-specific demands for mast cells. To better
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FIGURE 3 Functional implications of mast cell ontogeny for health and disease. (Centre) Mast cells may be generated from available
progenitors to meet stage-specific tissue demands. During normal development, they may support tissue remodeling processes. These
physiological functions may be pathologically co-opted by exposure to adverse stimuli during development, or for example by the tumor
microenvironment. In disease, additional mast cells may be generated from the bone marrow and aberrantly imprinted. (Top) Mast cells
support developmental processes taking place before, around, and after birth. In the developing cornea, they mediate fine-tuning of vascular
and neuronal networks. In the pre-optic region of the brain of male mice, mast cells responding to hormones mediate synaptic patterning.
During puberty and pregnancy, mast cells also support branching morphogenesis in the mammary gland and spiral artery remodeling in the
uterus. (Bottom) Fetal mast cells are primed in utero by maternal allergy. This renders them hyperactivated, resulting in heightened offspring
susceptibility to allergic disease. Mast cells with different developmental origins and microenvironmental imprinting could mediate their pro-
and anti-tumorigenic effects in cancer. Further explanations in the main text.

understand these, we thus need to comprehensively map when
mast cells appear across fetal tissues and developmental stages
using a combination of transcriptomics, immune phenotyping, and
imaging approaches.

Mast cell progenitors appear in peripheral tissues before ma-
ture mast cells, indicating that fetal progenitors commit to the mast
cell lineage prior to entering tissues and undergo further matura-
tion there, much like what has been shown for adult progenitors.
Although the core transcriptomic program that defines mast cells has
been identified,*> we however do not know which signals instruct
progenitors to initiate this lineage-specific program. Considering
their heterogeneity, it is likely that tissue- or population-specific sig-
natures are superimposed onto this core mast cell program during
in situ maturation. Future work will need to identify the underlying
molecular mechanisms, the tissue-specific cues driving this, and the
ways in which these are sensed and integrated by mast cells. We

believe much can be learned from the comparison with macrophage
specification, work on BM progenitors as well as the growing body
of literature on human mast cell development. Finally, it is also still
uncertain if there is a direct route for mast cell progenitors from the
YS to peripheral tissues, like for some macrophages, or if instead, a
fetal liver step is always required. There is evidence for both scenar-
ios, and it is possible therefore that mast cell progenitors first follow
adirect route from the YS and later are recruited from the fetal liver.

However, this remains to be experimentally demonstrated.
3.3 | Do mast cells have developmental functions?
Are these co-opted in pathology?

Their “layered” ontogeny suggests that mast cells may be recruited
from available hematopoietic progenitors to meet the demands of
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specific developmental stages. It is thus conceivable that mast cells
may have different functions throughout life. Before the adaptive
immune system is established, one such demand is to protect the
developing individual from pathogens and other immunological
challenges, such as venoms. At least in the wild, these still pose
a frequent threat to mammals. If mast cells were important for
protective immunity in the pre- and perinatal period, this could be
areason why they are already present in the fetus, and why these
cells have been maintained during evolution. In our view, an even
more compelling reason would be if mast cells were involved in
processes intrinsic to development. Although they are currently
thought to be dispensable for normal development, there is evi-
dence that they do contribute to tissue remodeling processes in
the fetal cornea and pubertal mammary gland. It remains to be
confirmed if these processes are truly mast cell-dependent, and
whether mast cells more broadly support tissue maturation and
remodeling. However, in keeping with this idea, data obtained in
Kit-independent mouse models also found a role for mast cells in
artery remodeling in the pregnant uterus.

Whatever roles mast cells may play in development and normal
tissue functioning, it seems possible that these can be co-opted in
pathological conditions. In turn, their pathological actions, for ex-
ample, in allergy, atopic disease, and cancer may “echo” their phys-
iological functions. For example, sensitization of fetal mast cells by
maternal IgE results in an increased allergen sensitivity postnatally.
This exaggerated responsiveness represents a case of develop-
mental programming but may also reflect a beneficial role for mast
cells during normal development, which could prepare for rapid re-
sponses to harmful stimuli after birth, provided that fetal(-derived)
mast cells are appropriately primed in utero. Finally, it is possible that
mast cells established from different sources at distinct life stages
may retain functional differences into adulthood. These may be
cell-intrinsic, due to distinct environments experienced over their
lifetime, or a combination of both. Such differences may be subtle
or not at all apparent at steady state, however, they may become
functionally relevant in non-homeostatic conditions such as wound

healing or cancer.
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