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Functional human skin explants
as tools for assessing mast cell
activation and inhibition
Clarence Rachel Villanueva, Keane Barksdale, Tinuola Owolabi,
Donavan Bridges, Kristin Chichester, Sarbjit Saini and
Eric T. Oliver*

Division of Allergy and Clinical Immunology, Department of Medicine, Johns Hopkins University School
of Medicine, Baltimore, MD, United States
Mast cells are activated through a variety of different receptors to release
preformed granules and mediators synthesized de novo. However, the
physiology and function of mast cells are not fully understood. Traditional
studies of mast cell activation in humans have utilized cultures of
tissue-derived mast cells including CD34+ progenitor cells or well-
characterized commercially available cell lines. One limitation of these methods
is that mast cells are no longer in a natural state. Therefore, their applicability to
human skin disorders may be limited. Human skin explant models have been
utilized to investigate the short-term effects of cell mediators, drugs, and
irritants on skin while avoiding the ethical concerns surrounding in vivo
stimulation studies with non-approved agents. Nonetheless, few studies have
utilized intact human tissue to study mast cell degranulation. This “Methods”
paper describes the development and application of an intact skin explant
model to study human mast cell activation. In this manuscript, we share our
protocol for setting up ex vivo human skin explants and describe the results of
stimulation experiments and techniques to minimize trauma-induced histamine
release. Skin explants were generated using de-identified, full-thickness,
non-diseased skin specimens from plastic and reconstructive surgeries. Results
were reproducible and demonstrated FcεRI- and MRGPRX2-induced mediator
release which was inhibited with the use of a BTK inhibitor and QWF,
respectively. Thus, this explant model provides a quick and accessible method
of assessing human skin mast cell activation and inhibition.
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Introduction

Mast cell activation is implicated in a diverse range of allergic disorders and innate

immune processes (1). FcεRI-IgE binding is perhaps one of the most well-known

pathways for mast cell activation. FcεRI is a high-affinity heterotetramer receptor for IgE

containing one α-, one β-, and a γ-chain homodimer (αβγ2). The α-chain subunit

facilitates the IgE binding. Meanwhile, the β-chain and γ-chain subunits allow for the

downstream signaling cascade via Lyn inducing transphosphorylation of immunoreceptor
Abbreviations

ACP-196, acalabrutinib; BTK, Bruton’s tyrosine kinase; HR, histamine release; NDRI, national disease
research interchange; PAG, PIPES-albumin-glucose; PAGCM, PIPES-albumin-glucose-calcium-
magnesium; PIPES, Piperazine-N,N′-bis(2-ethanesulfonic acid); PTX, pertussis toxin; RH, residual
histamine; SCF, Stem cell factor; SHR, spontaneous histamine release; TSHC, total skin histamine content.
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tyrosine-based activation motifs (ITAMs) that are attached to both

chain subunits (2). In addition to Lyn, the FcϵRI pathway features

multiple downstream kinases including Syk, BTK, Fyn, and PI3K

(3). Notably, inhibition of BTK, Syk, or PI3K broadly prevents

IgE-mediated degranulation and cytokine production in primary

human mast cells (3–7). The function of BTK in mast cells was

further delineated in a study by Kawakami et al. (8). The BTK

inhibitor acalabrutinib was shown to prevent anaphylaxis

completely in a humanized mouse model and in most peanut

allergic individuals during an oral food challenge (3, 9).

A more recently discovered pathway for activating mast cell

degranulation is via Mas-related G protein-coupled receptor

member X2 (MRGPRX2) (10). Like FcεRI, MRGPRX2 signals

through pertussis toxin (PTX)-sensitive Gi proteins that control

exocytosis (11, 12). MRGPRX2 is expressed at high levels in

human skin mast cells and synovial mast cells, but not in lung

mast cells (13). However, unlike FcεRI, MRGPRX2 is a low-

affinity, “universal” receptor for both endogenous and exogenous

ligands with shared properties of cationic molecules and

amphipathic peptides (10, 14). In addition, McNeil et al.

demonstrated that high concentrations of MRGPRX2 ligands

induced swelling and anaphylaxis in mice via the murine

orthologue Mrgprb2 (15).

Through these and other pathways, mast cells are activated to

rapidly release preformed granules containing proteases, biogenic

amines, and cytokines- all of which are vital in inflammatory

responses (7, 16, 17). Such preformed granules include tryptase,

histamine, and Tumor necrosis alpha (TNF-α). Tryptase activates

protease activated receptors (PARs) on a variety of cell types

including sensory neurons. Histamine enables the clinical features

of allergic reactions. TNF-α stimulates the expression of adhesion

molecules, which attract and bind leukocytes to the inflamed site

(7, 17, 18). Synthesized mediators such as leukotrienes and

prostaglandin D2 can potentiate the vasodilatory effects of

histamine and serve to recruit and activate leukocytes. Therefore,

activation of mast cells can lead to degranulation and generation of

mediators implicated in angioedema, atopic dermatitis, anaphylaxis,

asthma, rosacea, and chronic urticaria (19). Thus, inhibition of

mast cell activation is a viable target for treatment (7, 20–22).

Traditional studies of mast cell activation in humans have

utilized cultures of mast cells derived from tissue or CD34+

progenitor cells, or well-characterized commercially available cell

lines.12 Umbilical cord blood, peripheral blood mononuclear cells

(PBMCs), or bone marrow mononuclear cells (BMMCs) have

been essential for procuring CD34+ progenitor cells to generate

human mast cells (23). However, the process of generating mast

cell cultures from skin homogenates or CD34+ progenitors can

be costly and take 4 weeks and 6 weeks, respectively (24). An

advantage of utilizing commercially available cell lines is that

they can be utilized immediately for the study of immunological

responses via mast cell stimulation. Available mast cell lines

include HuMCs (human mast cells cultured from CD34+

progenitor cells), LAD2 (Laboratory of allergic diseases 2) mast

cells, and the HMC1 (Human Mast Cell 1) line. Compared to

human skin mast cells, both LAD2 and HMC1 mast cells have

significantly lower levels of tryptase and chymase (25). HuMCs
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and LAD2 cells both have a slow growth rate thus limiting their

expansion (26). A universal limitation of all of these methods is

that mast cells are no longer in a natural state. Therefore, their

applicability to human skin disorders may be limited.

An alternative method for assessing mast cell activation is

microdialysis. Skin microdialysis is a technique used to recover

soluble endogenous and exogenous molecules from the interstitial

space in human skin (27). This type of procedure can be

performed in vivo or ex vivo. It involves the insertion of thin

tubular dialysis membranes into the dermis or the subcutaneous

tissue which are then perfused at a low speed with a physiological

solution. Due to its invasive nature, a local anesthetic is generally

required to ease discomfort from probe insertion (27). Soluble

molecules present in the extracellular fluid diffuse into the

microdialysis tube which are then collected for analysis.

Appropriate controls are required to determine whether sampled

molecules are truly related to the disease state under investigation

or have been generated as part of the skin response to probe

implantation (27). Microdialysis has been utilized to assess mast

cell MRGPRX2-mediated activation in chronic prurigo as well as

pre- and post-treatment levels of histamine and eicosanoids in

atopic dermatitis (28, 29). However, microdialysis does not assess

the total tissue concentration of histamine or other mediators. In

live human volunteers, microdialysis is limited to the use of only

approved drugs and agents. Additional limitations are that

commercially available microdialysis equipment is expensive and

lacks flexibility in its application (30).

The human skin explant model has been utilized to investigate

the short-term effects of cytokines and irritants on skin while

avoiding the ethical problems of in vivo stimulation studies with

non-approved agents (31). Under appropriate conditions, skin

explants may remain viable for 14 days at 37 °C (32). Intact skin

explants generated from biopsies have been utilized to examine

the role of cytokines in the non-histaminergic pruritus pathway

induced by TRPV1-, TRPA1-and PAR2-agonists (33). In a study

by Tausk and Undem, human skin fragments of various sizes

were utilized to examine histamine release induced by substance

p and stem cell factor (SCF) (34). Though, the applicability of

the findings of these 2 studies to other mast cell activation

pathways remained unknown. Another study sought to

investigate histamine release in response to FcεRI, and

MRGPRX2 activation. However, the method of skin processing

induced high levels of spontaneous histamine release (35). These

results suggest that intact skin explants could serve as an

alternative method for assessing mast cell activation.

This “Methods” paper describes the development and

application of an intact skin explant model to study human skin

mast cell activation. In brief, discarded surgical skin specimens

were exposed to various conditions to measure spontaneous

histamine release. Subsequently, the specimens were stimulated

with well-characterized ligands and inhibitors of FcϵRI and

MRGPRX2 signaling. Residual histamine (RH) content was

quantified in specimens incubated overnight in 1.6% perchloric

acid. Finally, total skin histamine content (TSHC) was

determined by adding spontaneous, stimulated, and residual

histamine. Among the benefits of this method are the limited
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processing of skin specimens and relatively short time to

completion (less than 24 h).
Materials and equipments

Skin specimens

– De-identified, non-diseased human skin tissue without adipose

layer from abdominal or breast surgeries was provided by the

National Disease Research Interchange (NDRI) (Figure 1).

Samples were provided from only adult individuals without a

history of cancer or history of chemotherapy or radiation

within the previous 5 years.

– De-identified, non-diseased human skin tissue was provided from

adult plastic and reconstructive surgeries at Johns Hopkins

Bayview Medical Center. Occasionally, these samples included

the adipose layer which was removed prior to performing

biopsies. These samples were not prescreened for cancer or

radiation history, and age and gender were not provided.

– Consent was obtained by surgeons for the use of tissue

for research.

– This study was determined to be IRB-exempt using their

questionnaire because it fell within the category of “Not

Human Subjects Research (NHSR)/Quality Improvement

(QI).” Proof of this exemption was formally obtained from

the IRB in the form of a letter as required by NDRI before

shipping skin.
FIGURE 1

(A) bench set up for skin explant experiments. (B) Skin is placed on inverted
that is released from the skin and provides a stable surface for the performan
containing PAG before being transferred to microcentrifuge tubes filled
transferred to perchloric acid. Shown here is a 4 mm punch in 1 ml of 1.6%
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Skin procedure

– Sterilized fine splinter forceps 4.5 in. forceps (Medline)

– Sterile smooth, straight, stainless steel 5-1/2 in. scissors (Skylar

Instruments)

– Sterile disposable OR Grade 2.5 mm and 4 mm punches

(Acuderm)

– 6-well culture plate (Costar® 6-well Clear TC-treated Multiple

Well Plates, Individually Wrapped, Sterile)

– Microcentrifuge tubes 1.5 ml

– Eppendorf Pipettes 10 µl, 100 µl, 1,000 µl

– TipOne pipette tips 10 µl, 100 µl, 1,000 µl

– Nitrile gloves

– Incubator

– Micro-Centrifuge (Labnet Prism C2500-R)

– Histamine autoanalyzer

– Autoanalyzer sample cups

– Orbital shaker

– Sharps Container

– Ethanol 70%

Reagents

– Ultrapure water, Cayman Chemical

– Polyclonal goat anti-IgE, courtesy of Dr. Robert Hamilton,

DACI Laboratory, Baltimore, MD

– Acalabrutinib (ACP-196), Cayman Chemical
lid of a 6-well culture plate which allows for the collection of any buffer
ce of punch biopsies. (C) Punch biopsies are immediately placed in wells
with PAGCM and/or inhibitors. (D) Following stimulation, biopsies are
perchloric acid.
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– Compound 48/80, Sigma-Aldrich

– QWF [Boc-Gln-D-Trp(Formyl)-Phe-OBzl], TOCRIS

– Pertussis Toxin (PTX), Sigma-Aldrich

– PIPES-albumin-glucose (PAG) buffer, prepared in-house. PAG

consists of 25 mM PIPES [Piperazine-N,N′-bis(2-
ethanesulfonic acid)], 110 mM NaCl, 5 mM KCl, 0.1%

glucose, and 0.003% human serum albumin (HSA)

– PAGCM, prepared in-house. PAGCM consists of PAG

supplemented with 1 mM CaCl2 and 1 mM MgCl2.

– PAG-EDTA, prepared in-house. PAG-EDTA consists of PAG

supplemented with 0.1 mM EDTA (ethylenediamine N, N, N′,
N′- tetraacetic acid)

– Perchloric acid (HCLO4) 1.6%, prepared in-house on the day of

the experiment by diluting stock supply (HCLO4 61%) with

deionized water.
Stepwise procedures

Preparation of reagents

– PAG and PAGCM were removed from fridge and allowed to come

to room temperature (RT). The incubator was warmed to 37 °C.

– Reconstitute stimuli and inhibitors if necessary. Note:

Compound 48/80 powder was reconstituted to a

concentration of 10 mg/ml using ultrapure water. All other

commercial reagents were reconstituted per manufacturer

instructions. Stock concentrations of all reagents were further

diluted in PAGCM.

– Microcentrifuge tubes were filled with PAGCM (with or

without inhibitors) as indicated below, and placed in the

incubator to warm. Note: Explants used for inhibition

conditions are exposed to the inhibitors during the

spontaneous HR incubation and stimulation.

– The total volume of buffer in which explants were incubated

was 100 µl for anti-IgE and its inhibitors, 75 µl for compound

48/80 and its inhibitors, and 75 µl for experiments that

examined anti-IgE and compound 48/80 responses in the

same donor.

– For each stimulus and inhibitor, prepare [2×] concentration

(working concentration). This will be combined with an equal

amount of buffer (or another reagent) in each microcentrifuge

tube to create the final concentration at the appropriate

volume. For example, 50 µl of 6 ug/ml [2×] anti-IgE was

added to 50 µl of PAGCM to make 100 µl of 3 µg/ml [1×]

anti-IgE.

• For inhibition experiments, the same approach was taken.

For example, 50 ul of 5 µg/ml [2×] acalabrutinib was

added to 50 µl of 6 µg/ml [2×] anti-IgE to make 100 µl of

2.5 µg/ml [1×] acalabrutinib + 3 µg/ml [1×] anti-IgE.

– All HR incubations were performed in duplicate or triplicate.

Separate tubes were designated for PGD2 measurement

in duplicate.

– Prepare microcentrifuge tubes for spontaneous histamine

release before processing the skin/performing biopsies.
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– Prepare stimulation tubes while explants are incubating for

spontaneous histamine release.

– All prepared microcentrifuge tubes were pre-warmed to help

maintain consistent temperature of specimens.

Skin stimulation procedures

– An overview of the explant stimulation and inhibition

procedure is provided in Figure 2.

– NDRI skin segments, which were a minimum of 5 × 5 cm,

arrived within 24 h of harvest on an ice pack in a sterile

specimen container filled with phosphate buffered saline

(PBS) and antibiotics.

– Specimen container was removed from shipping box or

refrigerator and set on benchtop for 1 h to allow skin to reach RT.

– Specimens were divided into equal size samples using skin

biopsy punches. Note: Experiments were initially conducted

using both 2.5 mm punches and 4 mm punches. It was felt

that using two 2.5 mm punches in each microcentrifuge tube

produced more consistent results between duplicate and

triplicate conditions.

– Wells of a 6-well culture plate were filled with RT PAG. Skin

was set on the lid from 6-well culture plate for stabilization.

Specimens were biopsied using a 2.5 mm or 4 mm punch.

Care was taken to avoid taking biopsies from stretch marks.

Biopsies were transferred to wells containing RT PAG as they

were obtained to prevent specimens from drying out.

– Punch biopsies were placed in pre-warmed microcentrifuge

tubes containing PAGCM with/without inhibitors.

– Biopsies were incubated at 37 °C for 1 h to assess spontaneous

HR. In the case of QWF and PTX, the spontaneous HR

incubation time was the same as the duration of pretreatment

with the inhibitor (60 min). This incubation was shortened to

30 min for experiments involving acalabrutinib. Thus, for

anti-IgE experiments that involved acalabrutinib, spontaneous

HR was measured after 30 min for all samples.

– Following the spontaneous HR incubation, biopsies were

transferred to stimulation tubes using designated forceps for

each experimental condition to avoid cross-contamination

(i.e., using inhibitor forceps on stimulation-only samples).

– Spontaneous HR buffer was transferred to histamine cups and

brought to a volume of 1 ml with PAGCM. This was frozen

(−20 °C) for later spontaneous histamine release assessment.

– Stimulation tubes were returned to incubator for 1 h to assess

stimulated histamine release (see Results section for data

supporting the decision to use a stimulation time of 1 h).

Following stimulation, biopsies were transferred to

designated tubes filled with 1 ml of RT 1.6% perchloric acid.

Stimulation HR buffer was transferred to histamine cups

and brought to a volume of 1 ml with PAGCM before being

frozen (−20 °C).
– Following overnight incubation in perchloric acid at 4 °C,

samples were centrifuged at 12,000 rpm for 4 min and the

supernatant was harvested for histamine release. Residual

histamine (RH) in samples was either analyzed immediately
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FIGURE 2

Overview of the skin explant model to study mast cell activation and inhibition. Created in Biorender.com.
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(along with stored stimulated and spontaneous histamine

release samples from the day before) or stored at −20 °C until

later analyzed.
Processing and stimulation of fresh surgical
skin specimens

– Fresh surgical skin specimens, approximately 2 × 2 cm, were

provided by JHBMC, within 2–4 h of surgery, in a sterile

specimen container at room temperature without buffer or media.

– Specimens were placed in RT PAG for one hour or washed in

EDTA (followed by increasing concentrations of calcium) at

the start of the experiment. For the EDTA wash, the intact

surgical specimen was placed in PAG/0.1 mM EDTA for

20 min, then transferred to PAG for 20 min, then a 1:1 mix

of PAG + PAGCM (0.5 mM CaCl2) for 20 min, then PAGCM

(1 mM CaCl2) for 15 min. Each wash was performed in a

6-well plate on an orbital shaker (65 rpm) in a volume of

3 ml. Following the final wash, 2.5 mm punch biopsies were

obtained and assessed for spontaneous, stimulated, and

residual histamine as described above.
Mediator quantification

We measured spontaneous, stimulated, and residual histamine

(RH) of 2.5 mm biopsy pairs or single 4 mm biopsies using a

fluorometric autoanalyzer (36). Spontaneous histamine release

(HR) was assessed following incubation in buffer alone for 1 h at

37 °C. Stimulated HR was determined for various concentrations

of MC stimuli ± their respective inhibitors or antagonists at

various time points at 37 °C. Inhibitors and antagonists were

added during the spontaneous incubation and again during the

incubation with the stimuli. RH content was extracted by

incubating biopsies overnight at 4 °C in 1.6% perchloric acid.

Total skin histamine content (TSHC) was calculated by adding

HR and RH content for each biopsy pair. All results were

expressed as a percentage of TSHC. Prostaglandin D2 (PGD2)

was assessed using a Cayman Chemical prostaglandin D2 ELISA

(Item No. 512031).
FIGURE 3

Total skin histamine content varied between and within individual
donors. Data is shown for 3 subjects. Each circle represents a pair
of 2.5 mm punch biopsies. Mean THSC was 87.12 ± 14.8 ng/ml,
94.80 ± 23.73 ng/ml, and 126.1 ± 1.69 ng/ml for subjects S1, S2,
and S3, respectively. Kruskal-Wallis test, p < 0.0001.
Statistical analysis

All summary data are presented as mean ± SD. Statistical

analyses were performed with GraphPad Prism (version 10.1.2)

using Wilcoxon signed rank test or Mann Whitney test for

paired and unpaired samples, respectively. A Spearman rank

correlation test was used to assess the relationship between

2 variables. A Kruskal-Wallis test or an analysis of variance

(ANOVA) with Tukey’s multiple comparison test was

performed to determine whether there was significant

variation between 3 or more variables. A p value <0.05 was

considered significant.
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Results

Total skin histamine content

We determined the total skin histamine content of 2.5 mm

biopsy pairs (Figure 3) and single 4 mm biopsies (Supplementary

Figure S1) by adding the spontaneous, stimulated, and residual

histamine of each sample. For both conditions, we observed that

the total skin histamine content of biopsies varied between and

within individual donors. A strong correlation was found

between tissue weight, which also varied, and total skin

histamine content; however, variance in total skin histamine

content was still observed after histamine content was corrected

for tissue weight (Supplementary Figure S1). In a prior study by

Eady et al, light microscopy revealed wide variations in mast cell

counts between different sections from the same biopsy

specimen, confirming that mast cells are unevenly distributed

even within the same biopsy specimen (37). Therefore, we

hypothesize that differences in weight and mast cell distribution

between biopsies are responsible for the variance that we

observed in total skin histamine content. There were few studies

to draw upon as a guide for the expected total histamine content

of skin. One study reported that the histamine content of healthy

skin was 15.7 ± 3 (mean ± 2 SEM) ng/mg. Notably, that study

used a process of boiling minced skin for 5 min to extract tissue

histamine (38). Using overnight perchloric acid digestion at 4 °C

to extract residual histamine, we found that the total histamine

content of most of our skin biopsies (when adjusted for weight)

fell within this range while others exceeded this range.
Spontaneous histamine release

We observed variability in net spontaneous histamine release

between subjects and within subjects. The highest levels of
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spontaneous histamine release were noted initially following the

skin biopsy procedure and values decreased over time

(Figure 4). To further understand the variability in raw

spontaneous histamine release between samples, we examined

the relationship between spontaneous histamine release and

total skin histamine content. We observed that spontaneous

histamine release was directly correlated with total skin

histamine content (Figure 5, Supplementary Figure S2). Despite

the variability in raw histamine release, the initial spontaneous

histamine release for NDRI skin specimens as a percentage

remained low, only exceeding 2% of total skin histamine

content on rare occasions. To standardize our results, we report

histamine release as a percentage of total histamine content in

the sections that follow.
Stimulated mediator release

We established the kinetics of IgE-mediated histamine release

for this model by quantifying histamine release at 2, 5, 10, 20,

30, 60, and 120 min in triplicate (not shown). While histamine

release could be detected as soon as 5 min in response to the

highest concentration of anti-IgE, it was not observed in all

replicates. This may have been due to variation in the diffusion

of anti-IgE into the tissue during these shorter time periods as

well as mast cell distribution. Results of anti-IgE mediated

histamine release were more consistent for the 30-, 60-, and

120-min stimulation periods (Figure 6A). It was previously

reported that, depending on the donor, optimal histamine release

for purified skin mast cells was obtained using an anti-IgE

concentration of either 1 µg/ml or 3 µg/ml (39). We found no

significant difference between the results for these concentrations.
FIGURE 4

Spontaneous histamine release varied over time and between
donors. Pairs of 2.5 mm punches were incubated at 37 °C. Buffer
was harvested and replaced at 1 h and 2 h. Data shown are
histamine release during those time periods from 3 donors with
number of samples per donor ranging from 2 to 4. Wilcoxon
paired sign rank test, p= 0.0029.
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Using 4 mm punches, we confirmed the ability to detect mast

cell-derived PGD2 following anti-IgE stimulation (Figure 6B).

To determine whether anti-IgE mediated histamine release

could be inhibited by a specific inhibitor of IgE signaling, we

pretreated samples with the BTK inhibitor acalabrutinib. We

found that the optimal inhibitory concentration of acalabrutinib

in this model was 2.5 µg/ml (Figure 6C). Pertussis toxin also

inhibited anti-IgE-mediated histamine release (Supplementary

Figure S3). Our results are in line with a prior study which

showed that incubation with pertussis toxin for 4 h at 37 °C

inhibited anti-IgE mediated histamine release from dispersed

human skin mast cell cultures by 63.3 ± 8.2% (40). In contrast,

an earlier study demonstrated that pertussis toxin failed to

inhibit anti-IgE (3 µg/ml) mediated histamine release from

dispersed human skin mast cells (41).

Based on our anti-IgE results, we next examined the kinetics of

compound 48/80-mediated histamine release at 30, 60, and

120 min. Results were similar across these 3 time points

(Figure 7A). To determine whether compound 48/80-mediated

histamine release could be inhibited in our model, we pretreated

samples with QWF (Figure 6B) or pertussis toxin (Figure 6C).

Although MRGPRX2 antagonists have been developed for

clinical use and are in phase I and phase II trials, we did not

have access to these agents. Therefore, we utilized QWF which

has been reported to be an antagonist of MRGPRX2 (42). QWF

and pertussis toxin have been shown to inhibit compound 48/80-

mediated degranulation in human mast cell lines (26, 42) and

human cord blood-derived mast cells (43), and we observed that

these agents inhibited histamine release in our explant model.

After establishing the kinetics of histamine release, we

examined anti-IgE- and compound 48/80-mediated histamine

release in the same donors. Utilizing a stimulation period of 1 h,

we found greater histamine release in response to compound 48/

80 than with anti-IgE (Figure 8). Our results are in contrast with

previous studies which showed that cultured skin-derived MCs
FIGURE 5

Spontaneous histamine release is directly correlated with total skin
histamine content at physiologic temperature. Data shown are
histamine release during those time periods from 3 donors with
number of samples per donor ranging from 6 to 10 paired 2.5 mm
punches. Each color represents a different donor.
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FIGURE 6

IgE-mediated mediator release. (A) The kinetics of explant histamine release following stimulation with polyclonal goat anti-IgE are shown for 30 min,
60 min, and 120 min. Paired 2.5 mm punches were examined in triplicate. Data is shown for the same 3 donors for each time point. (B) PGD2

production was measured from 4 mm punches from 2 subjects at baseline (1 h before stimulation) and at 60 min and 120 min following
stimulation with 1 µg/ml anti-IgE (note: results reflect PGD2 produced during the 1st and 2nd hour following stimulation, not cumulative
production). (C) Inhibition of IgE-mediated histamine release by acalabrutinib is shown for 3 donors. Paired 2.5 mm punches were examined in
duplicate. Samples were incubated with acalabrutinib (ACP-196) for 30 min before stimulation and again during stimulation with anti-IgE. Results
for histamine kinetics and acalabrutinib inhibition were analyzed using ANOVA with Tukey’s multiple comparison test. Only significant p values are
shown. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001.
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were less responsive to MRGPRX2 activation than FcϵRI-

aggregation due to both acute and chronic inhibition by SCF in

the culture media (44, 45). Furthermore, skin mast cells in

culture undergo several non-synchronized modulations. For

instance, tryptase and chymase expression strongly decline over

time (46). There is also a marked increase in FcϵRI surface

expression and FcϵRI-mediated histamine release (increasing

from ≈15.5% to ≈60%) during the culture period (46).
Results from fresh surgical specimens

We examined histamine release from fresh surgical specimens

obtained on the same day and noted that spontaneous histamine

release was markedly elevated. In some cases, spontaneous

histamine release exceeded 60% within the first hour following

biopsy, but this decreased over time in the same specimens

(Supplementary Figure S4). We questioned whether the trauma

of the procedure or skin processing caused this steep rise in
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spontaneous histamine release. We found that warming of the

skin did not have an appreciable impact on spontaneous

histamine release. Elevated spontaneous histamine release also

occurred despite incubating specimens at room temperature in

PBS/1% BSA instead of a high calcium-containing buffer

(Supplementary Figure S4). Thus, we hypothesized that the

combination of trauma and existing calcium in the skin

contributed to high spontaneous histamine release. Incubating

the skin specimen in EDTA and washing in increasing

concentrations of calcium reduced spontaneous histamine release

to 1.03 ± 0.37% while allowing detection of histamine release via

anti-IgE and compound 48/80 (Figure 9).
Discussion

This “Methods” paper describes the development and

application of an intact skin explant model to study human mast

cell activation. This method allows for the comparison of dose
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FIGURE 7

Compound 48/80-mediated histamine release. (A) The kinetics of explant histamine release following stimulation with compound 48/80 (C-48/80)
are shown for 30 min, 60 min, and 120 min. Paired 2.5 mm punches were examined in duplicate. Data is shown for the same 3 donors for each time
point. (B) QWF at 100 µM concentration shows inhibition of compound 48/80 mediated histamine release. Data from 2 donors in duplicate (paired
2.5 mm punches). (C) Inhibition of compound 48/80 mediated.
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responses to distinct mast cell stimuli and their antagonists or

inhibitors even between different donors.

Prior studies of mast cell activation in humans have utilized

well-characterized commercially available cell lines, mast cell

cultures derived from tissue or CD34+ progenitor cells, in vivo

skin testing, skin chambers, and microdialysis. However, each of

these methods has drawbacks. The applicability of cell cultures to

human skin disorders may be limited as mast cells are no longer

in a natural state. The process of generating mast cell cultures

from tissue or progenitor cells can be costly and time

consuming. In vivo skin testing assesses visible wheal and

erythema formation in response to stimuli, but alone does not

provide a means for direct sampling of released mediators. In

contrast, skin chamber studies and microdialysis can assess levels

of endogenous as well as exogenous substances or drugs

administered to patients. Traditional skin chamber studies have a

long time course for blister formation (up to 2 h), a tendency for

blisters to coalesce, and occasional ecchymoses (47). Newer

negative pressure devices have a shorter time course of blister

formation due to the combination of heat and higher pressure.
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Mediator assessment is still limited by the number of blisters that

can be formed and the size of the collection chambers used (48).

In vivo microdialysis studies require the use of topical anesthetics

to limit discomfort while ex vivo studies require access to large

sections of tissue. In addition, financial cost may limit

widespread use of microdialysis for both in vivo and ex vivo

studies. Both in vivo microdialysis and skin chamber studies are

also limited to the use of only approved pharmacologic therapies

in inhibition studies.

The advantages of our skin explant model include: the

avoidance of regulatory and safety issues with studies of live

patients, the use of small skin samples to assess mast cell

responses, and a quick turnaround time for experiments.

Another benefit of this skin explant model is no processing or

manipulation of the skin allowing receptors and granules to

remain intact. Compared to culturing and cloning HMC1 and

LAD2 cells, this skin procedure takes less than 2 days to

complete and involves less manipulation. Although the HMC1

cell line may have a faster growth rate than other cell lines, it is

inadequate in studying degranulation of mast cells (26). Our
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FIGURE 8

Comparison of IgE-mediated and compound 48/80-mediated
histamine release within the same individuals. Data are shown for
3 donors. Paired 2.5 mm punches were examined in duplicate.
ANOVA with Tukey’s multiple comparison test. *p < 0.05,
**p < 0.005, ***p < 0.0005, ****p < 0.0001.
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method provides the advantage of closely mimicking the in vivo

immunological mast cell response.

Given the variability in histamine content of biopsies between

and within the same donors, our model requires analysis of

histamine release as a percent of the total histamine content for

each sample. Using designated specimens to serve as
FIGURE 9

EDTA treatment minimizes spontaneous histamine release from specimens
Data is shown for 2.5 mm biopsy pairs from the same donor, same surgery d
test, p= 0.0002. (B) Samples were washed in EDTA followed by increas
spontaneous and stimulated histamine release. Data shown for the same su
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“representative” specimens for spontaneous release or total

histamine content for an entire experiment could result in

misleading results (mistaking spontaneous release for stimulated

release). We encountered this problem when we began to

develop this model as the first specimens that we received were

from fresh surgical specimens which initially had a high level of

spontaneous histamine release at baseline.

Moreover, beta-hexosaminidase assays are commonly

performed in place of histamine assays in determining

degranulation in mast cells. Although we did not measure beta-

hexosaminidase in our study, we anticipate that our model can

produce similar beta-hexosaminidase results based on prior

studies that demonstrate a correlation between beta-

hexosaminidase and histamine assays (15, 29, 49, 50).

In the development of this explant model, efforts were made to

minimize spontaneous histamine release. It is important to

distinguish the receptor-mediated mast cell histamine release

from spontaneous degranulation. Due to the high level of

spontaneous histamine release from fresh surgical samples

initially, we were initially unable to distinguish stimulated release

from spontaneous release during the stimulated period

(Supplementary Figure S4). However, the protocol we developed

for fresh same-day specimens reduced spontaneous release while

maintaining the ability to detect stimulated release (Figure 9).

Using this model, the magnitude of stimulated histamine

release may vary depending on the agent used or pathway

interrogated. We found that compound 48/80 produced higher

histamine release than anti-IgE activation (Figure 7). Our results

are in contrast with previous studies which showed that cultured

skin-derived mast cells were less responsive to MRGPRX2
stimulated the same day as surgery while preserving stimulated release.
ay. (A) Spontaneous histamine release is reduced by EDTA. Mann Whitney
ing concentrations of calcium at room temperature before assessing
bject in duplicate.
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activation than FcϵRI-aggregation due to both acute and chronic

inhibition by SCF (44, 45). SCF has also been shown to acutely

enhance FcϵRI-mediated mast cell degranulation while chronic

exposure may reduce FcϵRI-mediated degranulation (51). In one

study, skin mast cell FcϵRI-mediated histamine release was

shown to increase nearly fourfold when mast cells were cultured

in SCF + IL-4 for up to 16 weeks (46). There was also a

corresponding increase in FcϵRIα surface expression, which the

authors speculated was due to constant exposure to IL-4. Thus,

an advantage of our model is that the response to FcϵRI and

MRGPRX2 activation may be more consistent with the natural

state as our method does not require addition of SCF or

cytokines for culture.

As expected, the kinetics for stimulated histamine release in

our explant model were notably longer than for isolated cell

suspensions and tissue homogenates. For instance, in one study,

anti-IgE-mediated histamine release from mast cells in skin tissue

homogenates reached 14.2% for normal controls following

20 min incubation with the optimal dose of anti-IgE (52). In our

model, median stimulated histamine release for 1 µg/ml anti-IgE

was only 4.66% at 20 min, but rose to 15.75% at 1 h with this

same dose (one donor, in triplicate). Thus, our results are in line

with those of skin homogenates when a longer stimulation

period is conducted. Our work demonstrates that, under optimal

conditions, intact explants may serve as a useful model for

assessing human skin mast cell function without enzymatic

digestion or mincing the skin.

High levels of spontaneous histamine release have been

observed in studies utilizing tissue homogenates. Veien et al.

utilized dispersed mast cell suspensions isolated from neonatal

foreskins to understand the mechanisms of histamine and

tryptase release induced by vancomycin, morphine, and

atracurium (53). They found that these drugs caused the release

of both histamine and tryptase, and that this activation could be

inhibited by blocking phospholipase C and phospholipase A2.

However, data was excluded from samples with spontaneous

histamine release exceeding 15%, which the authors attributed to

cell lysis during processing (53). In another study, Ruzicka and

Gluck compared mast cell responses in atopic dermatitis skin

lesions and healthy control skin using tissue homogenates which

were generated by mincing fresh biopsies approximately 0.5 cm2

in size (54). The authors found that atopic skin released twice as

much histamine in response to anti-IgE than healthy skin

whereas compound 48/80-mediated release was almost identical

between the two groups. However, the mean spontaneous

histamine release was markedly elevated at 31.6% ± 4.2% (mean

± SEM) for healthy controls and 25.9% ± 4.0% for the patients

with atopic dermatitis (54). The authors postulated that the

preparation of sections of the firm skin tissue led to the damage

of mast cells. If this were indeed the cause, it is possible that

these high levels of spontaneous histamine release could have

been avoided with our intact skin explant model.

A study by Clegg et al. sought to characterize histamine release

from fresh human foreskin slices in response to anti-IgE,

compound 48/80, and other synthetic secretagogues, as well as

the inhibitory effects of salbutamol and sodium cromoglycate
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(35). The authors utilized a tissue chopper to generate 200 µm

thick fresh foreskin slices which were then washed in 2 ml of

Hanks’ Balanced Salt Solution (HBSS) before the experiment.

With this preparation method, the authors noted that

spontaneous histamine release was high (ranging from 10 to

30%). The authors attempted to reduce spontaneous histamine

release by washing the slices twice in a larger volume of HBSS

(5 ml), allowing the slices to rest for 1 h, then washing for a

third time before challenge. This washing procedure reduced

spontaneous histamine release to 7.5 ± 0.5% but also reduced the

skin slices’ stimulated response to all secretagogues and increased

the number of specimens failing to release any histamine during

stimulation (35). In our model, we found that incubating fresh

skin specimens in EDTA and washing in increasing

concentrations of calcium reduced spontaneous histamine release

while allowing detection of stimulated histamine release via anti-

IgE and compound 48/80.

To date, few studies have utilized intact human tissue to study

ex vivo mast cell degranulation. Of these studies, most have

involved the use of microdialysis on large skin explants. Ex vivo

microdialysis allows the use of nonapproved agents, however cost

and access to large enough tissue limit its widespread use.

Alternatively, Tausk and Undem examined net histamine release,

induced by the MRGPRX2 ligand substance p and SCF, from

small human neonatal foreskin and adult face and back skin

fragments weighing between 9 and 48 mg. They found that large

concentrations of substance p induce histamine release from skin

mast cells, and that it was unlikely that these concentrations are

reached physiologically during sensory nerve stimulation with

capsaicin (34). Our model builds on this work and provides a

more convenient and accessible alternative to microdialysis.

As our study entailed the use of de-identified surgical

specimens, it is unknown whether donor characteristics

influenced our results. These factors include atopic history and

other medical history, medications administered before and

during surgery, and age. With the exception of one NDRI donor,

all skin specimens were from female donors. Thus, we were

unable to assess whether there were sex differences in mast cell

responses in this model. As our NDRI samples were exclusively

either breast or abdomen, it is also unclear how our results

would have differed had other body sites been evaluated.

Occasionally, there were NDRI surgical resections from which

no appreciable histamine release could be elicited with anti-IgE or

compound 48/80. We considered several possibilities for this

finding including whether these individuals had received

treatment with a drug that inhibited their mast cell activation.

We also questioned whether these individuals had impaired mast

cell responses at baseline. In a subset of the general population,

basophil nonresponders or nonreleasers are well-described. In

such individuals, blood basophils have poor histamine release in

response to IgE-crosslinking with a polyclonal IgG antibody

while other activation pathways remain intact (55). While this

nonreleasing phenotype has also been observed in Syk-deficient

human lung mast cells (56), this functional phenotype has not

been described in human skin mast cells. Another possibility

considered for the poor histamine response of these explants is
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that their mast cells perhaps degranulated in transit. However,

analysis of the residual histamine content in these skin samples

was comparable to that of those individuals who had

demonstrable histamine release via FcεRI and MRGPRX2 in our

study. Nevertheless, given the wide variability in total skin

histamine content between donors, we cannot conclude that

nonresponsive specimens had not been partially depleted of

histamine before arrival.

Our model specifically evaluated MRGPRX2 and FcϵRI

function of skin mast cells in discarded surgical skin specimens

using well-studied reagents. The use of this explant model to

investigate other agents could be limited by the diffusion

capability of reagents in the skin. It is also possible that this

model may not be applicable to the evaluation of mast cell

histamine release from skin punch biopsies obtained directly

from patients due to the inhibitory effects of lidocaine and

epinephrine on IgE- and 48/80-induced mast cell histamine

release (57–59). Additional work is required to optimize this

model for fresh punch biopsies from patients.

The viability of skin mast cells is another potential limitation of

this model. While other studies have reported skin viability up to

14 days (32), it is unclear whether mast cell responses will

remain intact for that period of time. Data presented in this

methods paper are from experiments performed on skin either

the same day as or one day after surgery (NDRI). We have

observed that histamine release can be detected 2 days after

surgery in specimens stored in PBS+ antibiotics and 3 days after

surgery in specimens stored in RPMI+ antibiotics (data not

shown). Further investigations are required to determine the

effect of time on mast cell viability and releasability in this model.

Our study characterized the kinetics of histamine release

induced by anti-IgE and compound 48/80 in skin explants and

the ability of acalabrutinib, QWF, and pertussis toxin to inhibit

histamine release. Potential applications of our model include

investigations of allergic diseases and evaluation of therapeutics

under development to block these processes. This model can be

also extended to examine levels of other mast cell mediators

including tryptase, eicosanoids, and cytokines in response to

activation of these pathways and whether other agents can

effectively inhibit their release. However, this model has

limitations when it comes to measuring cytokines and

eicosanoids due to the production of these mediators of other

cell types found in the skin. In addition, this model is not suited

for interrogation of signaling pathways or molecular analysis

requiring single cell suspension.
Conclusion

The protocol reported here describes our methodology to

successfully model human mast cell activation using intact skin

biopsies. This model provides reproducible results and serves as

an option to study possible stimuli and inhibitors for mast cell

activation. In the future, this model may be extended to study

altered mast cell function in various disease states, including

primary mast cell disorders and chronic urticaria.
Frontiers in Allergy 12
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The requirement of ethical approval was waived by Johns

Hopkins Hospital Institutional Review Board for the studies on

humans because it fell within the category of “Not Human

Subjects Research (NHSR)/Quality Improvement (QI)”. The

studies were conducted in accordance with the local legislation

and institutional requirements. Written informed consent for

participation was not required from the participants or the

participants’ legal guardians/next of kin in accordance with the

national legislation and institutional requirements. The human

samples used in this study were acquired from a by- product of

routine care or industry.
Author contributions

CV: Writing – original draft, Writing – review & editing,

Formal Analysis, Investigation. KB: Formal Analysis,

Investigation, Writing – review & editing, Methodology. TO:

Investigation, Writing – review & editing. DB: Investigation,

Writing – review & editing. KC: Investigation, Writing – review

& editing, Methodology. SS: Writing – review & editing,

Methodology, Resources. EO: Conceptualization, Resources,

Writing – review & editing, Funding acquisition, Investigation,

Methodology, Supervision, Writing – original draft.
Funding

The author(s) declare that financial support was received for

the research, authorship, and/or publication of this article.

EO acknowledges funding from the National Institutes of

Health (K23AI139394) and Robert Meyerhoff Professorship.

Previous funding from the American College of Allergy, Asthma,

& Immunology provided support to EO for this study.
Acknowledgments

Anja Bieneman is acknowledged for technical assistance.
Dr. Bradley Undem is acknowledged for advice and technical
assistance. The authors would also like to thank Dr. Julie Caffrey
and her team in Plastic and Reconstructive Surgery at Johns
Hopkins Bayview Medical Center as well as The National Disease
Research Interchange (NDRI) for providing skin specimens.
frontiersin.org

https://doi.org/10.3389/falgy.2024.1373511
https://www.frontiersin.org/journals/allergy
https://www.frontiersin.org/


Villanueva et al. 10.3389/falgy.2024.1373511
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Allergy 13
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/falgy.2024.

1373511/full#supplementary-material
References
1. Baran J, Sobiepanek A, Mazurkiewicz-Pisarek A, Rogalska M, Gryciuk A, Kuryk
L, et al. Mast cells as a target—A comprehensive review of recent therapeutic
approaches. Cells. (2023) 12(8):1187. doi: 10.3390/cells12081187

2. Nagata Y, Suzuki R. FcepsilonRI: a master regulator of mast cell functions. Cells.
(2022) 11(4):622. doi: 10.3390/cells11040622

3. Dispenza MC, Krier-Burris RA, Chhiba KD, Undem BJ, Robida PA, Bochner BS.
Bruton’s tyrosine kinase inhibition effectively protects against human IgE-mediated
anaphylaxis. J Clin Invest. (2020) 130(9):4759–70. doi: 10.1172/JCI138448

4. Hata D, Kawakami Y, Inagaki N, Lantz CS, Kitamura T, Khan WN, et al.
Involvement of Bruton’s tyrosine kinase in FcepsilonRI-dependent mast cell
degranulation and cytokine production. J Exp Med. (1998) 187(8):1235–47. doi: 10.
1084/jem.187.8.1235

5. Rossi AB, Herlaar E, Braselmann S, Huynh S, Taylor V, Frances R, et al.
Identification of the syk kinase inhibitor R112 by a human mast cell screen.
J Allergy Clin Immunol. (2006) 118(3):749–55. doi: 10.1016/j.jaci.2006.05.023

6. Okayama Y, Tkaczyk C, Metcalfe DD, Gilfillan AM. Comparison of Fc epsilon RI-
and Fc gamma RI-mediated degranulation and TNF-alpha synthesis in human mast
cells: selective utilization of phosphatidylinositol-3-kinase for Fc gamma RI-induced
degranulation. Eur J Immunol. (2003) 33(5):1450–9. doi: 10.1002/eji.200323563

7. Krystel-Whittemore M, Dileepan KN, Wood JG. Mast cell: a multi-functional
master cell. Front Immunol. (2016) 6:620. doi: 10.3389/fimmu.2015.00620

8. Kawakami Y, Hartman SE, Kinoshita E, Suzuki H, Kitaura J, Yao L, et al. Terreic
acid, a quinone epoxide inhibitor of Bruton’s tyrosine kinase. Proc Natl Acad Sci USA.
(1999) 96(5):2227–32. doi: 10.1073/pnas.96.5.2227

9. Suresh RV, Dunnam C, Vaidya D, Wood RA, Bochner BS, MacGlashan DWJ,
et al. A phase II study of bruton’s tyrosine kinase inhibition for the prevention of
anaphylaxis. J Clin Invest. (2023) 133(16):e172335. doi: 10.1172/JCI172335

10. Chompunud Na Ayudhya C, Ali H. Mas-Related G protein-coupled receptor-X2
and its role in non-immunoglobulin E-mediated drug hypersensitivity. Immunol
Allergy Clin North Am. (2022) 42(2):269–84. doi: 10.1016/j.iac.2021.12.003

11. Kitaura J, Kinoshita T, Matsumoto M, Chung S, Kawakami Y, Leitges M, et al.
IgE- and IgE + Ag-mediated mast cell migration in an autocrine/paracrine fashion.
Blood. (2005) 105(8):3222–9. doi: 10.1182/blood-2004-11-4205

12. Kuehn HS, Gilfillan AM. G protein-coupled receptors and the modification of
FcepsilonRI-mediated mast cell activation. Immunol Lett. (2007) 113(2):59–69.
doi: 10.1016/j.imlet.2007.08.007

13. Varricchi G, Pecoraro A, Loffredo S, Poto R, Rivellese F, Genovese A, et al.
Heterogeneity of human mast cells with respect to MRGPRX2 receptor expression
and function. Front Cell Neurosci. (2019) 13:299. doi: 10.3389/fncel.2019.00299

14. Babina M, Guhl S, Artuc M, Zuberbier T. Allergic FcepsilonRI- and pseudo-
allergic MRGPRX2-triggered mast cell activation routes are independent and
inversely regulated by SCF. Allergy. (2018) 73(1):256–60. doi: 10.1111/all.13301

15. McNeil BD, Pundir P, Meeker S, Han L, Undem BJ, Kulka M, et al. Identification
of a mast-cell-specific receptor crucial for pseudo-allergic drug reactions. Nature.
(2015) 519(7542):237–41. doi: 10.1038/nature14022

16. Lafleur MA, Werner J, Fort M, Lobenhofer EK, Balazs M, Goyos A. MRGPRX2
Activation as a rapid, high-throughput mechanistic-based approach for detecting
peptide-mediated human mast cell degranulation liabilities. J Immunotoxicol. (2020)
17(1):110–21. doi: 10.1080/1547691X.2020.1757793

17. Sibilano R, Frossi B, Pucillo CE. Mast cell activation: a complex interplay of
positive and negative signaling pathways. Eur J Immunol. (2014) 44(9):2558–66.
doi: 10.1002/eji.201444546

18. Payne V, Kam PCA. Mast cell tryptase: a review of its physiology and clinical
significance. Anaesthesia. (2004) 59(7):695–703. doi: 10.1111/j.1365-2044.2004.03757.x
19. Roy S, Chompunud Na Ayudhya C, Thapaliya M, Deepak V, Ali H. Multifaceted
MRGPRX2: new insight into the role of mast cells in health and disease. J Allergy Clin
Immunol. (2021) 148(2):293–308. doi: 10.1016/j.jaci.2021.03.049

20. Callahan BN, Kammala AK, Syed M, Yang C, Occhiuto CJ, Nellutla R, et al.
Osthole, a natural plant derivative inhibits MRGPRX2 induced mast cell responses.
Front Immunol. (2020) 11:703. doi: 10.3389/fimmu.2020.00703

21. John LM, Dalsgaard CM, Jeppesen CB, Conde-Frieboes KW, Baumann K,
Knudsen NPH, et al. In vitro prediction of in vivo pseudo-allergenic response via
MRGPRX2. J Immunotoxicol. (2021) 18(1):30–6. doi: 10.1080/1547691X.2021.
1877375

22. Dondalska A, Ronnberg E, Ma H, Palsson SA, Magnusdottir E, Gao T, et al.
Amelioration of compound 48/80-mediated itch and LL-37-induced inflammation
by a single-stranded oligonucleotide. Front Immunol. (2020) 11:559589. doi: 10.
3389/fimmu.2020.559589

23. Yin Y, Bai Y, Olivera A, Desai A, Metcalfe DD. An optimized protocol for the
generation and functional analysis of human mast cells from CD34+ enriched cell
populations. J Immunol Methods. (2017) 448:105–11. doi: 10.1016/j.jim.2017.06.003

24. Saini SS, Paterniti M, Vasagar K, Gibbons SPJ, Sterba PM, Vonakis BM.
Cultured peripheral blood mast cells from chronic idiopathic urticaria patients
spontaneously degranulate upon IgE sensitization: relationship to expression of syk
and SHIP-2. Clin Immunol. (2009) 132(3):342–8. doi: 10.1016/j.clim.2009.05.003

25. Guhl S, Babina M, Neou A, Zuberbier T, Artuc M. Mast cell lines HMC-1 and
LAD2 in comparison with mature human skin mast cells–drastically reduced levels of
tryptase and chymase in mast cell lines. Exp Dermatol. (2010) 19(9):845–7. doi: 10.
1111/j.1600-0625.2010.01103.x

26. Hermans MAW, van Stigt AC, van de Meerendonk S, Schrijver B, van Daele
PLA, van Hagen PM, et al. Human mast cell line HMC1 expresses functional Mas-
related G-protein coupled receptor 2. Front Immunol. (2021) 12:625284. doi: 10.
3389/fimmu.2021.625284

27. Baumann KY, Church MK, Clough GF, Quist SR, Schmelz M, Skov PS, et al.
Skin microdialysis: methods, applications and future opportunities-an EAACI
position paper. Clin Transl Allergy. (2019) 9:24-y. eCollection 2019. doi: 10.1186/
s13601-019-0262-y

28. Rea H, Kirby B. A review of cutaneous microdialysis of inflammatory
dermatoses. Acta Derm Venereol. (2019) 99(11):945–52. doi: 10.2340/00015555-3223

29. Kolkhir P, Pyatilova P, Ashry T, Jiao Q, Abad-Perez AT, Altrichter S, et al. Mast
cells, cortistatin, and its receptor, MRGPRX2, are linked to the pathogenesis of chronic
prurigo. J Allergy Clin Immunol. (2022) 149(6):1998–2009.e5. doi: 10.1016/j.jaci.2022.
02.021

30. Jolly D, Vezina P. In vivo microdialysis in the rat: low cost and low labor
construction of a small diameter, removable, concentric-style microdialysis probe
system. J Neurosci Methods. (1996) 68(2):259–67. doi: 10.1016/0165-0270(96)00089-1

31. Lebonvallet N, Jeanmaire C, Danoux L, Sibille P, Pauly G, Misery L. The
evolution and use of skin explants: potential and limitations for dermatological
research. Eur J Dermatol. (2010) 20(6):671–84. doi: 10.1684/ejd.2010.1054

32. Corzo-Leon DE, Mark C, MacCallum DM, Munro CA. A human ex vivo skin
model to study Candida auris biofilms. Methods Mol Biol. (2022) 2517:259–67.
doi: 10.1007/978-1-0716-2417-3_21

33. Lebonvallet N, Fluhr JW, Le Gall-Ianotto C, Leschiera R, Talagas M, Reux A,
et al. A re-innervated in vitro skin model of non-histaminergic itch and skin
neurogenic inflammation: pAR2-, TRPV1- and TRPA1-agonist induced
functionality. Skin Health Dis. (2021) 1(4):e66. doi: 10.1002/ski2.66

34. Tausk F, Undem B. Exogenous but not endogenous substance P releases
histamine from isolated human skin fragments. Neuropeptides. (1995) 29(6):351–5.
doi: 10.1016/0143-4179(95)90007-1
frontiersin.org

https://www.frontiersin.org/articles/10.3389/falgy.2024.1373511/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/falgy.2024.1373511/full#supplementary-material
https://doi.org/10.3390/cells12081187
https://doi.org/10.3390/cells11040622
https://doi.org/10.1172/JCI138448
https://doi.org/10.1084/jem.187.8.1235
https://doi.org/10.1084/jem.187.8.1235
https://doi.org/10.1016/j.jaci.2006.05.023
https://doi.org/10.1002/eji.200323563
https://doi.org/10.3389/fimmu.2015.00620
https://doi.org/10.1073/pnas.96.5.2227
https://doi.org/10.1172/JCI172335
https://doi.org/10.1016/j.iac.2021.12.003
https://doi.org/10.1182/blood-2004-11-4205
https://doi.org/10.1016/j.imlet.2007.08.007
https://doi.org/10.3389/fncel.2019.00299
https://doi.org/10.1111/all.13301
https://doi.org/10.1038/nature14022
https://doi.org/10.1080/1547691X.2020.1757793
https://doi.org/10.1002/eji.201444546
https://doi.org/10.1111/j.1365-2044.2004.03757.x
https://doi.org/10.1016/j.jaci.2021.03.049
https://doi.org/10.3389/fimmu.2020.00703
https://doi.org/10.1080/1547691X.2021.1877375
https://doi.org/10.1080/1547691X.2021.1877375
https://doi.org/10.3389/fimmu.2020.559589
https://doi.org/10.3389/fimmu.2020.559589
https://doi.org/10.1016/j.jim.2017.06.003
https://doi.org/10.1016/j.clim.2009.05.003
https://doi.org/10.1111/j.1600-0625.2010.01103.x
https://doi.org/10.1111/j.1600-0625.2010.01103.x
https://doi.org/10.3389/fimmu.2021.625284
https://doi.org/10.3389/fimmu.2021.625284
https://doi.org/10.1186/s13601-019-0262-y
https://doi.org/10.1186/s13601-019-0262-y
https://doi.org/10.2340/00015555-3223
https://doi.org/10.1016/j.jaci.2022.02.021
https://doi.org/10.1016/j.jaci.2022.02.021
https://doi.org/10.1016/0165-0270(96)00089-1
https://doi.org/10.1684/ejd.2010.1054
https://doi.org/10.1007/978-1-0716-2417-3_21
https://doi.org/10.1002/ski2.66
https://doi.org/10.1016/0143-4179(95)90007-1
https://doi.org/10.3389/falgy.2024.1373511
https://www.frontiersin.org/journals/allergy
https://www.frontiersin.org/


Villanueva et al. 10.3389/falgy.2024.1373511
35. Clegg LS, Church MK, Holgate ST. Histamine secretion from human skin slices
induced by anti-IgE and artificial secretagogues and the effects of sodium
cromoglycate and salbutamol. Clin Allergy. (1985) 15(4):321–8. doi: 10.1111/j.1365-
2222.1985.tb02999.x

36. Siraganian RP. An automated continuous-flow system for the extraction and
fluorometric analysis of histamine. Anal Biochem. (1974) 57(2):383–94. doi: 10.
1016/0003-2697(74)90093-1

37. Eady RA, Cowen T, Marshall TF, Plummer V, Greaves MW. Mast cell
population density, blood vessel density and histamine content in normal human
skin. Br J Dermatol. (1979) 100(6):623–33. doi: 10.1111/j.1365-2133.1979.tb08065.x

38. Phanuphak P, Schocket AL, Arroyave CM, Kohler PF. Skin histamine in chronic
urticaria. J Allergy Clin Immunol. (1980) 65(5):371–5. doi: 10.1016/0091-6749(80)
90215-8

39. Lawrence ID, Warner JA, Cohan VL, Hubbard WC, Kagey-Sobotka A,
Lichtenstein LM. Purification and characterization of human skin mast cells.
Evidence for human mast cell heterogeneity. J Immunol. (1987) 139(9):3062–9.
doi: 10.4049/jimmunol.139.9.3062

40. He S, Xie H, Fu Y. Activation of human tonsil and skin mast cells by agonists of
proteinase activated receptor-2. Acta Pharmacol Sin. (2005) 26(5):568–74. doi: 10.
1111/j.1745-7254.2005.00079.x

41. Columbo M, Horowitz EM, Kagey-Sobotka A, Lichtenstein LM. Substance P
activates the release of histamine from human skin mast cells through a pertussis
toxin-sensitive and protein kinase C-dependent mechanism. Clin Immunol
Immunopathol. (1996) 81(1):68–73. doi: 10.1006/clin.1996.0159

42. Azimi E, Reddy VB, Shade KC, Anthony RM, Talbot S, Pereira PJS, et al. Dual
action of neurokinin-1 antagonists on mas-related GPCRs. JCI Insight. (2016) 1(16):
e89362. doi: 10.1172/jci.insight.89362

43. Moon TC, Lee E, Baek S, Murakami M, Kudo I, Kim NS, et al. Degranulation
and cytokine expression in human cord blood-derived mast cells cultured in serum-
free medium with recombinant human stem cell factor. Mol Cells. (2003) 16
(2):154–60. doi: 10.1016/S1016-8478(23)13782-4

44. Babina M, Wang Z, Artuc M, Guhl S, Zuberbier T. MRGPRX2 Is negatively
targeted by SCF and IL-4 to diminish pseudo-allergic stimulation of skin mast cells
in culture. Exp Dermatol. (2018) 27(11):1298–303. doi: 10.1111/exd.13762

45. Babina M, Wang Z, Li Z, Franke K, Guhl S, Artuc M, et al. FcepsilonRI- and
MRGPRX2-evoked acute degranulation responses are fully additive in human skin
mast cells. Allergy. (2022) 77(6):1906–9. doi: 10.1111/all.15270

46. Guhl S, Neou A, Artuc M, Zuberbier T, Babina M. Skin mast cells develop non-
synchronized changes in typical lineage characteristics upon culture. Exp Dermatol.
(2014) 23(12):933–5. doi: 10.1111/exd.12558
Frontiers in Allergy 14
47. Alexis AF, Wilson DC, Todhunter JA, Stiller MJ. Reassessment of the suction
blister model of wound healing: introduction of a new higher pressure device. Int
J Dermatol. (1999) 38(8):613–7. doi: 10.1046/j.1365-4362.1999.00800.x

48. Mac-Mary S, Muret P. Suction blisters and microdialysis. In: Humbert P,
Maibach H, Fanian F, Agache P, editors. Agache’s measuring the skin. Cham:
Publisher Name Springer (2016). p. 1–11.

49. Zhang P, Wang Y, Zhang J, Hong T. Allantoin inhibits compound 48/80-
induced pseudoallergic reactions in vitro and in vivo. Molecules. (2022) 27(11):3473.
doi: 10.3390/molecules27113473

50. Wang Z, Franke K, Bal G, Li Z, Zuberbier T, Babina M. MRGPRX2-Mediated
Degranulation of human skin mast cells requires the operation of Gαi, Gαq, ca++
channels, ERK1/2 and PI3K-interconnection between early and late signaling. Cells.
(2022) 11(6):953. doi: 10.3390/cells11060953

51. Ito T, Smrz D, Jung M, Bandara G, Desai A, Smrzova S, et al. Stem cell factor
programs the mast cell activation phenotype. J Immunol. (2012) 188(11):5428–37.
doi: 10.4049/jimmunol.1103366

52. Zuberbier T, Schwarz S, Hartmann K, Pfrommer C, Czarnetzki BM. Histamine
releasability of basophils and skin mast cells in chronic urticaria. Allergy. (1996) 51
(1):24–8. doi: 10.1111/j.1398-9995.1996.tb04545.x

53. Veien M, Szlam F, Holden JT, Yamaguchi K, Denson DD, Levy JH. Mechanisms
of nonimmunological histamine and tryptase release from human cutaneous mast
cells. Anesthesiology. (2000) 92(4):1074–81. doi: 10.1097/00000542-200004000-00026

54. Ruzicka T, Gluck S. Cutaneous histamine levels and histamine releasability from
the skin in atopic dermatitis and hyper-IgE-syndrome. Arch Dermatol Res. (1983) 275
(1):41–4. doi: 10.1007/BF00516553

55. Nguyen KL, Gillis S, MacGlashan DWJ. A comparative study of releasing and
nonreleasing human basophils: nonreleasing basophils lack an early component of
the signal transduction pathway that follows IgE cross-linking. J Allergy Clin
Immunol. (1990) 85(6):1020–9. doi: 10.1016/0091-6749(90)90046-7

56. Gomez G, Schwartz L, Kepley C. Syk deficiency in human non-releaser lung
mast cells. Clin Immunol. (2007) 125(1):112–5. doi: 10.1016/j.clim.2007.06.006

57. Johnson AR, Moran NC. Inhibition of the release of histamine from rat mast
cells: the effect of cold and adrenergic drugs on release of histamine by compound
48–80 and antigen. J Pharmacol Exp Ther. (1970) 175(3):632–40.

58. Yanagi H, Sankawa H, Saito H, Iikura Y. Effect of lidocaine on histamine release
and Ca2+ mobilization from mast cells and basophils. Acta Anaesthesiol Scand. (1996)
40(9):1138–44. doi: 10.1111/j.1399-6576.1996.tb05577.x

59. Kazimierczak W, Peret M, Maslinski C. The action of local anaesthetics on
histamine release. Biochem Pharmacol. (1976) 25(15):1747–50. doi: 10.1016/0006-
2952(76)90409-3
frontiersin.org

https://doi.org/10.1111/j.1365-2222.1985.tb02999.x
https://doi.org/10.1111/j.1365-2222.1985.tb02999.x
https://doi.org/10.1016/0003-2697(74)90093-1
https://doi.org/10.1016/0003-2697(74)90093-1
https://doi.org/10.1111/j.1365-2133.1979.tb08065.x
https://doi.org/10.1016/0091-6749(80)90215-8
https://doi.org/10.1016/0091-6749(80)90215-8
https://doi.org/10.4049/jimmunol.139.9.3062
https://doi.org/10.1111/j.1745-7254.2005.00079.x
https://doi.org/10.1111/j.1745-7254.2005.00079.x
https://doi.org/10.1006/clin.1996.0159
https://doi.org/10.1172/jci.insight.89362
https://doi.org/10.1016/S1016-8478(23)13782-4
https://doi.org/10.1111/exd.13762
https://doi.org/10.1111/all.15270
https://doi.org/10.1111/exd.12558
https://doi.org/10.1046/j.1365-4362.1999.00800.x
https://doi.org/10.3390/molecules27113473
https://doi.org/10.3390/cells11060953
https://doi.org/10.4049/jimmunol.1103366
https://doi.org/10.1111/j.1398-9995.1996.tb04545.x
https://doi.org/10.1097/00000542-200004000-00026
https://doi.org/10.1007/BF00516553
https://doi.org/10.1016/0091-6749(90)90046-7
https://doi.org/10.1016/j.clim.2007.06.006
https://doi.org/10.1111/j.1399-6576.1996.tb05577.x
https://doi.org/10.1016/0006-2952(76)90409-3
https://doi.org/10.1016/0006-2952(76)90409-3
https://doi.org/10.3389/falgy.2024.1373511
https://www.frontiersin.org/journals/allergy
https://www.frontiersin.org/

	Functional human skin explants as tools for assessing mast cell activation and inhibition
	Introduction
	Materials and equipments
	Skin specimens
	Skin procedure
	Reagents

	Stepwise procedures
	Preparation of reagents
	Skin stimulation procedures
	Processing and stimulation of fresh surgical skin specimens
	Mediator quantification
	Statistical analysis

	Results
	Total skin histamine content
	Spontaneous histamine release
	Stimulated mediator release
	Results from fresh surgical specimens

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


