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Abstract Mast cells (MCs), unique cellular elements of

the body, are commonly associated with IgE-mediated

reactions and manifestations of Th2-type immunity. A key

characteristic of the lineage is its heterogeneity, with sub-

sets displaying significant variation depending on matura-

tion stage, species, tissue, microenvironment and other.

Heterogeneity also affects MC responses to extracellular

cues. Indeed, IL-4, the signature cytokine of Th2-immu-

nity, can affect MCs in opposing ways ranging from the

induction of apoptosis to positive regulation of lineage

characteristics. It is unknown, however, whether IL-4 alters

the phenotype of terminally differentiated human cuta-

neous MCs. Using our well-established technique for

homogeneous purification of human skin MCs, we now

report that prolonged contact with IL-4 not only increases

MC expansion, but also phenotypically and functionally re-

shapes the cells. FceRI cell surface expression, FceRIa-
specific mRNA and FceRI-mediated histamine release are

all augmented by IL-4, while histamine release elicited by

the non-immunological stimulus, substance P, remains

unaffected. IL-4’s potential to mold MCs is broad and

similarly detectable across donors. Intriguingly, IL-4

impacts granule-associated mediators, especially histamine

whose synthesis is boosted in the presence of IL-4. To our

knowledge, an increase in histamine production by IL-4

has not been described yet for any type of MCs, but may

well contribute to its pro-allergic effect given the signifi-

cance of this biogenic amine to allergic symptoms. Col-

lectively, IL-4 alters human skin MCs after long-term

exposure mimicking chronic disorders by strengthening

MC numbers and intensifying processes associated with

allergic inflammation.
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Introduction

Mast cells are unique elements of the human body [4, 16].

In humans, these cells continue to be best understood for

their role as effectors of IgE-mediated allergic reactions

and the sensation of itch [4, 6, 7]. Accordingly, MCs are

numerically increased and/or functionally altered in con-

ditions like atopic dermatitis and urticaria, disorders char-

acterized by Th2-dominance at certain stages of the

respective pathology [8, 14]. Interleukin-4 (IL-4) is the

signature cytokine of Th2 cells and intimately associated

with protective immunity to parasitic helminths and the

allergic phenotype alike [1]. IL-4 affects MCs, in which it

can provoke complex and even opposing response patterns

[15, 17]. The inconsistency is the result of MC hetero-

geneity, i.e., the variability of MC subsets across species,

tissues, differentiation stages, microenvironmental condi-

tions and others. Therefore, insights into the functional role

of IL-4 on MCs in the cutaneous compartment require an

experimental design, which takes into account the pecu-

liarities of MCs in the tissue of interest, i.e., human skin.

MC purification from tissues is laborious and the starting

material is not widely accessible. We have overcome this
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hurdle, and routinely purify MCs from human skin to

homogeneity [3, 10, 16, 17]. Using purified skin MCs as

target cells, we demonstrated a switch in their cytokine

profile under the dictate of IL-4 following a 2-week-expo-

sure [3]. Conversely, we found little impact on typical sur-

face receptors upon shorter contact (3 days), even though IL-

4 reduced lineage markers and simultaneously induced cell

death in immature MC lines in the same study [17]. The lack

of effect in skin-derived MCs suggested that modulations

may develop slowly over time. In fact, expansion systems

for MCs derived from gut and skin use a combination of

SCF ? IL-4 [5, 10, 12, 16]. Nevertheless, it remains cur-

rently undefined as to what extent IL-4 assists in the

expansion of the cutaneous MC variety over the other sup-

portive factors present in the culture medium, especially

SCF. There is, likewise, no information on IL-4’s potential

influence on typical lineage characteristics like receptors,

preformed mediators, and functional programs.

Our recent data from the FANTOM5 consortium high-

lighted a prominent expression of the IL-4 receptor gene

(IL4RA) in skin MCs, combined with robust expression of

crucial IL-4 network components (IL2RG, STAT6, JAK1,

JAK2, JAK3) if contrasted against the highly comprehen-

sive atlas (including &200 primary cells) [7, 16]. This

rejuvenated our interest in the modulation of dermal MCs

by IL-4.

We report that IL-4, indeed, makes a positive contri-

bution to MC number and activity. Most intriguingly, IL-4

not only increases histamine release by FceRI-triggering,
but it also boosts cellular production of this biogenic

amine, an effect not reported previously. Together, pro-

longed IL-4 skews human skin MCs towards a pro-allergic

response pattern, and this is achieved through operation at

several levels.

Materials and methods

Cells

MCs were isolated from human breast skin as described [3]

with the modifications given in recent publications

[12, 16]. The skin was obtained from cosmetic breast

reduction surgeries, with informed consent of the patients

and approval by the University Ethics Committee. The

experiments were conducted according to the Declaration

of Helsinki Principles. Skin-derived MCs were cultured for

5 weeks either in stem cell factor (SCF) alone (100 ng/ml)

or in SCF plus IL-4 (20 ng/ml) [12]. Cytokines were

freshly provided once a week when cultures were re-ad-

justed to 5 9 10(5)/ml. MCs were automatically enumer-

ated by CASY-TTC (Innovatis/Casy Technology,

Reutlingen, Germany) [12].

FceRI expression

Flow cytometry was performed as described [12]. The

antibody used was anti-human FceRIa-PE at 2.5 lg/ml

(clone AER-37, eBioscience, San Diego, USA); mouse

IgG2b-PE (clone eBWG2b, eBioscience) served as isotype

control.

Histamine quantification

Histamine was quantified by an automated fluorescence

method using an autoanalyzer (Borgwald Technik, Ger-

many, Hamburg) exactly as described [11, 12]. All deter-

minations were performed in triplicate, and histamine

concentrations were calculated with reference to a standard

curve.

Histamine release assay

MCs cultured in SCF alone versus SCF ? IL-4 were tested

for histamine release following FceRI aggregation (using

the anti-FceRIa-Ab 29C6 at 0.25 lg/ml), Substance P (at

30 lM) or no stimulus for spontaneous release. The assays

were performed exactly as described [11, 12].

MC protease activity

Detection of tryptase and chymase activity was performed

as described [12, 13].

Reverse transcription-quantitative PCR (RT-qPCR)

RT-qPCR was performed using optimized conditions and

primer pairs described elsewhere [12]. Values were nor-

malized to the housekeeping gene b-actin.

Statistics

Differences between groups were assessed by paired t test

or (when not normally distributed) Wilcoxon matched-

pairs signed-rank test with the program GraphPad Prism,

San Diego, CA, USA. p\ 0.05 was considered statistically

significant.

Results

IL-4 synergizes with SCF to support skin MC

expansion

IL-4 is a regular addendum to an expansion system of

human skin-derived MCs [10, 12, 16]. The benefit of IL-4

has not been quantified over the other components of the
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expansion medium, however. Therefore, we surveyed IL-

4’s impact on MC expansion by employing cells derived

from the skin tissue of 11 individuals. We found that SCF

by itself was sufficient to maintain and expand our skin

MCs, but that IL-4 heightened the cellular output in 10 of

11 samples (Suppl. Fig. S1). We conclude that IL-4 syn-

ergizes with SCF to promote the expansion of skin-derived

MC.

IL-4 boosts histamine production in skin MCs

MC granules are a hallmark of the lineage, and its con-

stituent histamine is the major target of anti-allergic drugs.

Here, we surprisingly found that MCs in contact with IL-4

accumulated over 2.2-fold more histamine than their

counterparts supported by SCF only (Fig. 1a). This was

accompanied by a threefold increment in histidine decar-

boxylase (HDC) mRNA, the rate-limiting enzyme in his-

tamine production (Fig. 1b). To our knowledge, IL-4’s

ability to foster the production of this major biogenic

amine has not yet been reported.

Next, we focused on tryptase and chymase, two abun-

dant and highly specific proteases of the skin MC granule

[12, 13, 16]. While tryptase mRNA was dampened by IL-4

vis-à-vis SCF alone (to 0.71-fold), tryptase activity

remained largely comparable between the groups (Fig. 2).

Conversely, chymase mRNA was augmented by IL-4

(1.54-fold of expression in SCF). Chymase activity showed

the same tendency, even though the increase was modest,

albeit significant (mean increase to 1.18-fold of the SCF

control) (Fig. 2).

Collectively, IL-4 controls the abundance of preformed

mediators in MCs of human skin provenance. There is a

particularly clear impact on cellular histamine contents, a

finding of substantial biological relevance.

IL-4 increases FceRI expression and supports

degranulation to allergic stimulation but not to non-

immunological stimuli

Skin MCs ex vivo release histamine at &20 % on average,

but in a highly donor-dependent manner [2, 3, 12]. When

persistently exposed to the potent cytokine ‘‘cocktail’’ of

SCF ? IL-4, MCs become high responders irrespective of

this initial release [10, 12]. Here, we tested whether the

boost in FceRI-responsiveness was brought about by IL-4

or induced by SCF alone. We also addressed the question

as to whether the heightened responsiveness was specific to

FceRI-triggering or duplicated by non-immunologic stim-

uli. As shown in Fig. 3A, MCs cultured in ‘‘SCF only’’

displayed profound stimulability to FceRI-triggering (range
47.7–78.9 %). Despite this, IL-4 further enhanced this

secretion in a consistent fashion (to 53.3–90.5 %) (Fig. 3a,

middle). Note that the numbers given in brackets refer to

the histamine released relative to the amount present in the

cell prior to stimulation; so they do not result from the

increased accumulation of histamine following IL-4 treat-

ment described in the previous paragraph. The absolute

amounts actually released are higher because they are the

product of the amount per cell and the relative release, with

both processes being independently augmented by IL-4.

In contrast, the low spontaneous histamine release

(Fig. 3a, left) as well as substance P-mediated secretion

(Fig. 3a, right) remained unaffected, suggesting that IL-4

selectively supports the IgE-dependent activation pathway.

Also, IL-4 increased FceRI cell-surface expression in the

skin MC samples to 2.32-fold of SCF control (Fig. 3b), and

this was accompanied by a similar increment in FceRIa
mRNA (to 1.93-fold of control expression, Fig. 3c), which

reportedly correlates with the abundance of the receptor

complex [2].

Discussion

This study was designed to test the hypothesis that MCs of

human skin provenance are re-shaped by IL-4. Emphasis

was laid on sustained exposure, because it was known from

previous studies that short contact was insufficient to

trigger phenotypic modulations in the cells ([17], and

unpublished data). Key lineage features like preformed

mediators, FceRI, and degranulation responses to allergic

Fig. 1 MC histamine levels are elevated by IL-4. Skin-derived MCs

from a number of donors were cultured in SCF alone versus

SCF ? IL-4. a Histamine was quantified by an autoanalyzer-based

method and the amount per cell calculated relative to a standard

curve. Data are displayed as interconnected dots, each representing an

individual sample. b Relative mRNA expression of HDC, the

histamine-producing enzyme, was quantified by RT-qPCR relative

to the housekeeping gene b-actin, mean ± SEM of 11 individual

preparations. **p\ 0.01; ***p\ 0.001
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and non-immunological stimuli were surveyed. The result

was that long-term exposure to IL-4 substantially

strengthened skin-derived MCs numerically and skewed

MC phenotype and functional competence. This suggests

that in chronic scenarios of Th2-dominated skin diseases,

in which IL-4 is overabundant, MCs may become func-

tionally altered with time.

Among the molecules influenced by the Th2 cytokine,

histamine is of particular interest because of its significance

as mediator of acute allergic reactions, as highlighted by

the wide selection and frequent use of antihistamines. The

positive influence from IL-4 on histamine levels was sur-

prising, as (to our knowledge) no such effect had been

reported previously despite considerable research into IL-

4’s impact on the lineage. In our study, the effect was

observed in MCs from all donors tested and, therefore,

highly reproducible (Fig. 1). Histamine accumulation was

accompanied by a similar increment in HDC expression,

and a tight connection between HDC mRNA expression

and cellular histamine abundance was recently reported in

MCs derived from a large cohort [2]. It remains to be seen

whether the histamine-promoting effect of IL-4 represents

a peculiarity of human skin MCs or is a broader phe-

nomenon. In any case, due to the significance of histamine,

our study may have uncovered an important route by which

IL-4 operates in MCs to contribute to diseases of the atopic

spectrum.

Also, IL-4 modulated tryptase and chymase, even if to a

lesser extent and in more complex patterns. Perhaps, the

most interesting finding here was the opposite regulation of

the two protease genes, with tryptase mRNA being

downregulated, and chymase mRNA simultaneously

upregulated. The lack of agreement between tryptase

mRNA and tryptase activity found herein is in accordance

with our recent study [2], which conversely found a highly

positive correlation between tryptase and histamine, sug-

gesting a role for histamine in the regulation of tryptase

abundance [2]. In opposition, chymase mRNA did better

reflect the activity of the corresponding peptidase [2].

In this study, we also demonstrate that FceRI-triggered
degranulation reaches impressive levels in SCF alone if

compared to skin MCs ex vivo ([2], Babina et al., submit-

ted). The remarkable histamine release on persistent expo-

sure to SCF was, however, further intensified by IL-4. This

Fig. 2 IL-4 inversely regulates

tryptase and chymase mRNA.

Left Skin MCs cultured in SCF

versus SCF ? IL-4 were

analyzed for tryptase- and

chymase-specific transcripts by

RT-qPCR. Data were

normalized to the housekeeping

gene b-actin and are given as

mean ± SEM of 11 individual

preparations. Right: Tryptase

and chymase activities were

measured by activity tests using

substrates specific for the

respective protease. *p\ 0.05;

***p\ 0.001
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positive impact corresponds with other types of MCs, in

which IL-4 likewise enhanced FceRI expression and/or

allergic stimulability [15, 18]. If our in vitro findings

translate to the in vivo situation, allergic MC activation in an

IL-4-rich environment may lead to substantially enhanced

histamine levels in the adjacent tissue (and/or blood) as a

result of the combined action of two distinct processes: (1)

Greater histamine accumulation per cell, so that even with

the same degree of stimulation (i.e., percent release), his-

tamine levels in the vicinity of the degranulating MC would

rise vis-à-vis IL-4-devoid conditions, (2) enhanced respon-

siveness to FceRI aggregation, thereby increasing the portion
of the total cellular histamine being released.

Contrary to the FceRI pathway, responsiveness to sub-

stance P remained unaltered by IL-4. Substance P activates

skin MCs via a neuronal, non-immunological circuit [11].

Our current findings underscore that processes tightly

linked to the allergic phenotype (like FceRI expres-

sion/functionality and histamine abundance) are boosted by

IL-4. This fits the global picture of IL-4’s multiple con-

tributions to the pathogenesis of allergic diseases, where

the cytokine orchestrates Th2-type immunity by acting on

several key players. For instance, IL-4 directs B cells to

produce IgE, promotes the development of Th2 cells, fos-

ters basophil functions, and induces alternatively activated

macrophages at sites of allergic inflammation [7 and ref-

erences therein]. The current findings are also consistent

with the induction of the Th2-type cytokine IL-5 in IL-4-

treated skin-derived MCs [3].

Collectively, IL-4 can shape human cutaneous MCs at a

post-maturation stage, strengthening them in number and

function, especially by accentuating allergy-associated

processes. IL-4-mediated alterations at the level of MCs

may, thus, contribute to Th2-linked pathologies in the skin

including atopic dermatitis and urticaria.
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Supplementary Figure Legend S1 

 

IL-4 makes a positive contribution to cellular output upon long-term culture 



 2 

Skin MCs cultured in SCF versus SCF+IL-4 were quantitated by the automated cell counter 

and analyzer CASY-TTC. The data give the increase (in %) over the number originally plated 

(i.e. cells at the end of culture - cells at the beginning of culture/cells at the beginning of 

culture x 100) and are displayed as interconnected dots, each representing an individual 

sample. ** p < 0.01. 
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