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Abstract

Background

Previous studies have revealed an important role for the transcription factor GATA-1 in mast

cell maturation and degranulation. However, there have been conflicting reports with

respect to the requirement of GATA-1 function in mast cell dependent inflammatory pro-

cesses. Herein, we examine the requirement of GATA-1 signaling in mast cell effector func-

tion and IgE-mast cell-dependent anaphylaxis.

Objective

To study the requirement of GATA-1 dependent signaling in the development and severity

of IgE-mast cell-dependent anaphylaxis in mice.

Methods

Wild type (Balb/c) and mutant ΔdblGata (Balb/c) mice were employed to study the role of

GATA-1 signaling in in vitro IgE-mediated activation of bone marrow derived mast cells

(BMMCs). Murine models of passive IgE-mediated and oral antigen-induced IgE-mediated

anaphylaxis were employed in mice. Frequency of steady state mast cells in various tissues

(duodenum, ear, and tongue), peritoneal cavity, and clinical symptoms (diarrhea, shock,

and mast cell activation) and intestinal Type 2 immune cell analysis including CD4+ Th2

cells, type 2 innate lymphoid cells (ILC2), and IL-9 secreting mucosal mast cells (MMC9)

were assessed

Results

In vitro analysis revealed that ΔdblGata BMMCs exhibit a reduced maturation rate,

decreased expression of FcεRIα, and degranulation capacity when compared to their
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wildtype (WT) counterparts. These in vitro differences did not impact tissue resident mast

cell numbers, total IgE, and susceptibility to or severity of IgE-mediated passive anaphy-

laxis. Surprisingly, ΔdblGata mice were more susceptible to IgE-mast cell-mediated oral

antigen induced anaphylaxis. The increased allergic response was associated with

increased Type 2 immunity (antigen-specific IgE, and CD4+ TH2 cells), MMC9 cells and

small intestine (SI) mast cell load.

Conclusion

Diminished GATA-1 activity results in reduced in vitro mast cell FcεRIα expression, prolifer-

ation, and degranulation activity. However, in vivo, diminished GATA-1 activity results in

normal homeostatic tissue mast cell levels and increased antigen-induced CD4+ Th2 and

iMMC9 cell levels and heightened IgE-mast cell mediated reactions.

Introduction

Anaphylactic reactions are characterized by Type I Hypersensitivity responses mediated by

IgE-mast cell-dependent processes [1–4]. IgE, produced in response to foreign antigens, cross-

links FcεRIα on mast cells triggering degranulation and release of mast cell mediators such as

tryptase, histamine, and leukotrienes which are thought to drive both local and systemic symp-

toms [1, 2, 5]. The most common IgE-mast cell dependent disease is food allergy [6, 7]. It is

estimated to effect 6 million children, and 9 million adults in the U.S., costing nearly $25 bil-

lion per year [8, 9]. The involvement of mast cells in IgE-mediated anaphylaxis has been estab-

lished with clinical and experimental evidence [10–14]. Clinically, elevated, levels of antigen

specific IgE and primary mast cell mediators, such as tryptase and histamine are elevated in

patients experiencing allergic reactions [10–12]. Consistently with this, studies involving

FcεRI knockout mice and mast cell deficient mice have demonstrated a requirement for

IgE-FcεRI-mast cell axis in the onset of symptoms of IgE-mediated responses [13, 14].

Mast cells are derived from bone marrow hematopoietic stem cells which is a process regu-

lated by various transcription factors including PU.1, MTIF, STAT5, C/EPBα, and GATA-2

[15–19]. GATA-1, a zinc-finger protein, is expressed in a number of hematopoietic lineages

such as mast cells, eosinophils, megakaryocytes, and erythroid cells [20, 21]. Sertoli cells are

the only non-hematopoietic cells that express GATA-1 [22]. Loss of function studies have

revealed an important role for GATA-1 in the development of megakaryocytes and erythroids

[23–25]. Indeed, genetic deletion of GATA-1 results in the pre-term death of mice due to ane-

mia and improper megakaryocyte development [23–25]. To study GATA-1 biology, investiga-

tors have generated a number of mice lines with reduced GATA-1 expression [26–29].

Notably, studies utilizing these mice have revealed somewhat conflicting roles for GATA-1 in

mast cell development and function [26–29]. Studies utilizing GATA-1low mice revealed that

decrease of GATA-1 expression results in reduced mast cell FcεRIα expression and altered

immature mast cell numbers [26]. In contrast, a study employing conditional GATA-1 knock-

out mice (Gata1−/y) showed that deletion of GATA-1 in adult mice had little to no effect on tis-

sue resident mast cells or BMMCs [27]. Finally, using the ΔdblGata mice, where the

palindromic double GATA site upstream of the GATA-1 promoter has been genetically

deleted [28, 30, 31], investigators revealed normal mast cell levels in the context of airway

inflammation [29]. However, the requirement of GATA-1 signaling for IgE-mast cell depen-

dent responses has not been investigated. In this study, we employ ΔdblGata mice to investi-

gate the role of GATA-1 signaling in mast cell development and IgE-mast cell dependent

GATA-1 and IgE-Mast cell responses
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anaphylaxis reactions. We show that GATA-1 signaling is necessary for normal IgE-mediated

bone-marrow derived mast cell degranulation and maturation, however diminished GATA-1

signaling did not impact in vivo mast cell maturation and IgE-MC-dependent responses. In

fact, ΔdblGata mice exhibit increased antigen-induced CD4+ Th2 and ILC2 response and a

more severe IgE-mediated reaction suggesting that diminished GATA-1 signaling augments

IgE-mast cell mediated reactions in vivo.

Material and methods

Animals

ΔdblGata (BALB/C) mice were generously provided by Dr. Stuart H. Orkin (Harvard, MA,

USA) [28] and maintained on wild-type (WT) BALB/C mice originally provided by Charles

River Laboratories, (Wilmington, MA, USA). Age-, sex-, and weight-matched littermates were

used in all experiments. The mice were maintained and bred in a clean barrier facility at Cin-

cinnati Children’s Hospital Medical Center (CCHMC) and University of Michigan and were

handled under an approved Institutional Animal Care and Use Committee protocol. All

experimental procedures were approved by the Institutional Animal Care and Use Committee

of Cincinnati Children’s Medical Center and University of Michigan.

IgE-mediated experimental food allergy

For the skin sensitization food allergy model, mice were first sensitized by applying (painted

on skin surface) 20 μl of MC903 (0.1 μM Calcipotriol, TOCRIS Bioscience) and 5 μl of OVA

(200mg/ml) to the right ear for 14 days consecutively. After the sensitization phase, the mice

were fasted for 4 hours and then orally gavaged with OVA (50 mg in 250 μl saline) eight times

every other day. The mice were observed for evidence of allergic symptoms 60 minutes follow-

ing challenge as previously described [32]. In experiments to test for requirement of IgE, food

allergic BALB/c mice received a single injection of either isotype control (rat IgG2a mAb;

clone bGL117; i.p. 5μg / 200μl) or rat anti-mouse IgE (rat IgG2a mAb; clone EM95; i.p. 5μg /

200μl) twenty-four hours prior to o.g. challenge eight. Administration of 5μg dose of the acti-

vating rat IgG2a mAb to mouse IgE, EM-95, has been shown to induce anaphylaxis character-

ized by decreased mobility and hypothermia[33] and subsequently desensitize mice to IgE-

mediated responses for seventy two hours[34]. Twenty-four hours later mice received oral

gavage challenge and evidence of allergic symptoms 60 minutes following challenge was exam-

ined. For the i.p. sensitization food allergy model, mice were sensitized with 50 μg of OVA and

1 mg of alum in sterile saline by intraperitoneal (i.p.) injection. Beginning 2 weeks later, mice

were held in the supine position three times a week for 3 weeks and orally gavaged with 250 μL

of OVA (50 mg) in saline or 250 μL of saline [vehicle (Veh)]. Before each i.g. challenge, mice

were deprived of food for 3 to 4 hours. Challenges were performed with i.g. feeding needles

(01-290-2B; Fisher Scientific Co.). Rectal temperatures were measured before and 60 minutes

after OVA challenge. Diarrhea was assessed by visually monitoring mice for up to 60 minutes

after i.g. challenge. Mice showing liquid stool were recorded as diarrhea-positive.

Clinical measurement parameters of food allergy

Mice were scored using a scoring system after the eighth challenge [35]. 0 for no clinical symp-

toms, 1 for repetitive nose and ear scratching, 2 for lethargy, pilar erecti and puffy nose, ears,

and mouth. 3 for periods of motionless for >1 min and lying prone. 4 for no response to whis-

ker stimuli or prodding. 5 for tremor, convulsions, and death. Occurrence of diarrhea, in the

form of liquid excretion post challenge, was tracked within 1 hour after every challenge. For

GATA-1 and IgE-Mast cell responses
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the purpose of Clinical measurement of food allergy, the investigator was blinded to the iden-

tity of the respective treatment groups.

ELISA and histological measurements

Serum samples from blood drawn after cardiac puncture were analyzed using ELISA kits for

OVA-specific IgE (MD Bioproducts, Oakdale, MN, USA), MCPt-1 (Invitrogen, Carlsbad, CA,

USA), and OVA-specific IgG1 (Alpha Diagnostic International, San Antonio, TX, USA). Total

IgE (Bioscience, San Diego, CA, USA) was performed for steady state analysis. For intestinal

histological analyses, duodenal tissue was fixed in 10% formalin and processed by standard

histological procedures as previously described [36]. At least eight random images were taken

from at least three random sections per mouse. Quantification of stained cells per square milli-

meter was performed by morphometric analysis using Image Processing Software (ImagePro,

Media Cybernetics, MD, USA).

Lamina propria mononuclear isolation

Mice were euthanized in CO2 and SI were removed surgically from mice, cut longitudinally, and

cleaned in HBSS as previously described [37]. In brief, samples were incubated in HBSS with

5mM EDTA (HBSS-EDTA) at 4˚C for 5 minutes followed by vortexing in fresh HBSS-EDTA for

four cycles to remove epithelial cells. The remaining tissues were minced in 8 mL RMPI 1640

(Gibco, Grand Island, NY, USA) with 2.4mg/mL collagenase A (Roche Basel, Switzerland) and

0.2mg/mL DNase I (Roche, Basel, Switzerland) at 37˚C for 30 minutes. Single cell suspensions

were obtained by passing the digested tissue 4 times through a 10mL syringe using a 19G needle

and filtering homogenate. Filtered cells were washed once with RPMI 1640, suspended in 5mL of

44% Percoll and underlayed with 3mL of 67% Percoll before centrifugation for 20 minutes at

room temperature (24˚C) at reduced acceleration and deceleration. Lamina propria cells were col-

lected from the interface between 44% and 67% Percoll, washed in media, resuspended in RPMI

with 10% FBS, counted, and stained for flow cytometric analysis [38].

Flow cytometric analysis

Lamina propria cells from SI of ΔdblGata or WT mice were stained with phycoerythrin (PE)-

conjugated anti-c-Kit, fluorescein isothiocyanate (FITC)-conjugated anti-β7 integrin, Horizon

V500-conjugated CD4, APC-Cy-7-conjugated anti-CD3e (BD Pharmingen, Mountain View,

CA, USA), allophycocyanin (APC)-conjugated anti-IL-17RB, PE-Cy7-conjugated anti-FcεRIα
(Biolegend, San Diego, CA, USA) and biotinylated anti-T1/ST2. Subsequently, cells were coun-

terstained with PerCP-Cy5.5-conjugated monoclonal antibodies against lineage (Lin) markers

(CD11b, CD11c, CD45R (BD Pharmingen, Mountain View, CA, USA) CD8α, Ly6G, and Pacific

Blue labelled Streptavidin (Biolegend, San Diego, CA, USA)) before analysis with a FACS Canton

II (BD Bioscience, Mountain View, CA, USA). CD4+ Th2 cells were identified as Lin-, CD3+,

CD4+, and IL17RB+ populations. ILC2 cells were identified as Lin-, CD3-, CD4-, 1L17RB+, and c-

Kit- populations. MMC9 cells were identified as Lin-, CD3-, CD4-, 1L17RB-, c-Kit+, and FcεRIα+

populations as previously described [38]. All cytometric data was acquired using BD FACSCanto

II and data analysis was performed using Flowjo software (FlowJo, Ashland, OR, USA).

Bone marrow derived mast cell culture

Femur and tibia were harvested from age and gender matched WT and ΔdblGata mice and

bone marrow cells were cultured in mIL-3 and mSCF (20ng/mL each) as previously described

[39]. Mast cell maturation and purity was tracked weekly via FACS analysis for seven weeks.

GATA-1 and IgE-Mast cell responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0219375 August 1, 2019 4 / 17

https://doi.org/10.1371/journal.pone.0219375


Cells were stained with phycoerythrin (PE)- conjugated anti-c-Kit (BD Pharmingen, Moun-

tain View, CA, USA), PE-cy7-conjugated anti-FcεRIα (Biolegend, San Diego, CA, USA) and

biotinylated anti-T1/ST2. Analysis was performed on FACS Canton II (BD Bioscience, Moun-

tain View, CA, USA).

Bone marrow mast cell degranulation assay

β-hexosaminidase assays were performed on the bone-marrow derived mast cells once they

had reached maturation (�85% c-Kit+ FcεRIα+ cells) as previously described [39]. Percent

lysates were calculated by dividing treated WT and ΔdblGata BMMCs by their respective

lysates and then multiplying by 100.

Passive anaphylaxis

Mice were injected intravenously with 20μg/200μL of anti-IgE (IgG2a mAb to mouse IgE; EM-

95; obtained from Fred Finkelman, CCHMC) [40]. The severity of shock was assessed by

means of rectal temperature change as previously described [32]. Blood was drawn intro hepa-

rinized capillary tube and centrifuged for 5 min at 9,500g. Hematocrit (percentage of packed

red blood cell (RBC) volume) was calculated as the length of packed RBCs divided by the total

length of serum and red cells in the capillary tube, multiplied by 100 [41, 42].

Peritoneal wash

Naïve Balb/c and ΔdblGata mice were euthanized and their peritoneal cavity was flushed by

injecting 10mL of PBS in 10% FBS into peritoneal cavity, massaging the abdomen, and then

drawing out the fluid. Cells were kept on ice, centrifuged at 500g for 5 mins, and supernatant

removed. Pellets were lysed with 5mL Red Blood Cell Lysis Buffer (Sigma-Aldrich, St. Louis,

MO, USA) for 5 minutes at room temperature, 5mL of RPMI 1640 media added to neutralize

lysis, and centrifuged for 5 mins. Pellet was re-suspended in media and counted. Cells were

stained with phycoerythrin (PE)- conjugated anti-c-Kit (BD Pharmingen, Mountain View,

CA, USA), PE-cy7-conjugated anti-FcεRIα (Biolegend, San Diego, CA, USA) and biotinylated

anti-T1/ST2. They were subsequently counterstained with Pacific Blue labelled streptavidin.

Analysis was performed on FACS Canton II (BD Bioscience, Mountain View, CA, USA) and

analyzed using Flowjo (Flowjo Software, Ahsland, OR, USA).

Statistical analysis

All data is represented with mean unless otherwise stated. In experiments comparing multiple

experimental groups, statistical differences between groups were analyzed using the one/two-

way ANOVA parametric test. In experiments comparing two experimental groups, statistical

differences between groups were determined using a Student’s t-test or Wilcoxon-Mann-

Whitney test. Results are considered significant at P� 0.05. Spearman’s rank coefficients were

used to quantify the relations between percentage of CD4+ Th2 (IL17RB+) cells and level of

mast cell activation (MCPT-1) following the eighth food challenge. All data was analyzed using

Prism (GraphPad Software, San Diego, CA, USA).

Results

Reduced GATA-1 function alter in vitro bone marrow mast cell (BMMC)

phenotype

Bone marrow cells from WT and ΔdblGata mice were cultured in mast cell growth conditions

(IL-3 and SCF) for seven weeks and bone marrow-derived mast cell (BMMC) frequency and

GATA-1 and IgE-Mast cell responses
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maturity were characterized by c-Kit, FcεRIα and ST2 analysis (Fig 1A and 1B). At seven

weeks, the culture predominantly consisted of mature BMMCs (c-Kit+, FcεRIα+ and ST2+)

(�85%) with a low frequency of mast cell progenitors (c-Kit+, FcεRIα- and ST2+) (Fig 1A and

1B). Notably, BMMC maturation was associated with high expression of FcεRIα and degranu-

lation capacity (Fig 1D and 1E). In contrast, ΔdblGata cultures had a lower percentage of

mature BMMCs (c-Kit+, FcεRIα+ and ST2+) by seven weeks and the BMMCs had reduced lev-

els of FcεRIα expression and degranulation capacity (Fig 1A–1E). Based upon these studies,

Fig 1. Bone marrow derived MC phenotype in ΔdblGata mice. (A) Representative flow cytometry plot of WT and ΔdblGata BMMCs (FcεRIα+

c-Kit+ cells) and (B) Histogram of ST2 expression of FcεRIα+ c-Kit+ and FcεRIα- c-Kit+ cells from WT and ΔdblGata cultures at seven weeks of

age. (C) The percentage of FcεRIα+ c-Kit+ cells in WT and ΔdblGata mice BM cultures over the seven week period. (D) The mean fluorescence

intensity (MFI) of FcεRIα on c-Kit+ WT and ΔdblGata mature BMMCs. (E) The level of β-hexosaminidase activity following IgE-mediated

degranulation of WT and ΔdblGata BMMCs. BM cells were isolated from 6–8 week old mice were cultured in the presence of IL-3 (20 ng/ml) and

SCF (20 ng/ml) for seven weeks, and BMMCs were examined for FcεRIα, c-Kit, and ST2 expressions by flow cytometry analyses. 7 week-cultured

WT and ΔdblGata BMMCs (5 × 106/ml) were sensitized with IgE-TNP (0.1–100 ng/ml) and challenged with BSA-TNP and supernatant was

assayed for β-hexosaminidase activity as described in materials and methods. Data represents mean ± SEM and is representative of three separate

experiments. Statistical significance is � p� .05, ��� p< 0.001 compared with negative control (IgE and BSA-TNP negative). n.s. not significant.

https://doi.org/10.1371/journal.pone.0219375.g001
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we concluded that GATA-1 signaling is dispensable for MC differentiation, but required for

normal development in vitro.

Role of GATA-1 signaling in passive IgE-mediated anaphylaxis

Given the reduced mast cell differentiation efficiency in ΔdblGata mice, we examined the

requirement for GATA-1 signaling in IgE-mediated anaphylaxis. Administration of anti-IgE

to WT mice induced hypovolemic shock as evidenced by� 4˚C loss in core body temperature

and increased hemoconcentration (Fig 2A–2C). Surprisingly, in ΔdblGata mice, we observed a

similar response to that of WT mice (Fig 2A–2C). Moreover, ΔdblGata mice experienced a

comparable loss in body temperature and increased hemoconcentration following anti-IgE

administration (Fig 2B and 2C). We concluded that reduced GATA-1 signaling does not

impact passive IgE-mediated responses in mice at steady state.

Requirement of GATA-1 signaling for steady state tissue MCs

Given the paradoxical observations of decreased FcεRI expression and degranulation capacity

of ΔdblGata BMMCs, but comparable IgE-mediated responses in vivo compared to WT mice,

we examined steady state tissue-resident mature mast cell levels in WT and ΔdblGata mice.

Histological analyses of SI, ear, and tongue of WT and ΔdblGata mice revealed no significant

differences in MC numbers (Fig 3A–3F). Analysis of peritoneal cavity revealed a 2-fold

increase in peritoneal mast cell (pMC) levels in ΔdblGata mice compared to WT (S1 Fig).

Notably, level of FcεRIα expression on pMCs was reduced in ΔdblGata mice when compared

to mice (S1 Fig). Based upon these studies we concluded that a reduction of GATA-1 signaling

does not impact SI, skin, and tongue MC levels, and increased pMC frequency.

Requirement for GATA-1 signaling for IgE-MC-dependent responses in
vivo
To determine the contribution of GATA-1 signaling in MC-dependent inflammatory

responses, we employed an active food allergy model [43]. Antigen sensitization and repetitive

Fig 2. IgE-mediated passive anaphylaxis in WT and ΔdblGata mice. (A) Rectal temperature 0–60 minutes, (B) maximal

temperature change at 30 minutes, and (C) hemocrit concentration at 60 minutes in anti-IgE-treated (20 μg/200 μl saline) WT and

ΔdblGata mice. Data represent mean ± SEM. (A) represented as mean ± SEM; n = 3 or 4 mice per group per experiment pooled

from three independent experiments. (B) and (C) line indicates mean and symbols represent individual mice. Dashed line indicates

steady state hemaconcentration at baseline. n.s. not significant.

https://doi.org/10.1371/journal.pone.0219375.g002
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oral challenges of WT mice induced anaphylaxis as evidenced by diarrhea and clinical symp-

toms (Fig 4A–4C). Notably, development of symptoms of food-induced anaphylaxis was asso-

ciated with MC activation (Fig 4D). To confirm that the food allergic response is IgE-

dependent, WT mice that demonstrated evidence of food-induced anaphylaxis following the

seventh oral gavage were administered either isotype control or rat anti-mouse IgE twenty-

four hours prior to o.g. challenge eight. Administration of the activating rat IgG2a mAb to

mouse IgE, EM-95, has been shown to induce a anaphylaxis characterized by decreased mobil-

ity and hypothermia [33] and subsequently desensitize mice to IgE-mediated responses for

seventy two hours [34]. Food allergic WT mice receiving isotype control developed food

allergy following challenge as evidenced by diarrhea. In contrast, mice that received EM-95

did not demonstrate evidence of allergic symptoms following oral gavage (% mice with evi-

dence of Food Allergy following Challenge 7 / Challenge 8; isotype, 100% / 100%; EM-95,

100% / 16.6%, n = 3 and 6; p< 0.0001) confirming that the food allergic response is IgE-

dependent. Sensitization and repeated antigen challenge of ΔdblGata mice also induced a

food-induced anaphylactic response; surprisingly the ΔdblGata mice were more susceptible to

IgE-MC-dependent food allergy. Moreover, only 50% of WT mice had diarrhea on the eighth

challenge compared to 100% of ΔdblGata mice (Fig 4B). Notably, the ΔdblGata mice developed

more severe symptoms following the eighth challenge including repetitive nose and ear

scratching as well as lethargy and pilar erecti (Fig 4C). The heightened disease severity was

Fig 3. Systemic mast cells in WT and ΔdblGata mice at steady state. Representative photomicrographs and quantification of Mast cells/Hpf in: A and

D) jejunum, (B and E) ear skin and (C and F) tongue of WT and ΔdblGata mice. Data represent mean ± SEM (n = 4–6) and is representative of two

separate experiments. n.s. not significant.

https://doi.org/10.1371/journal.pone.0219375.g003
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associated with significantly increased SI mast cell numbers and mast cell activation (MCPT-

1) as compared with WT mice (Fig 4D and S2 Fig). These data are consistent with previous

reports demonstrating a positive correlation between SI mast cell levels and activation and

severity of oral antigen-induced anaphylaxis [32]. We have previously reported that sensitiza-

tion of mice to OVA via intraperitoneal injection and subsequent repetitive OVA oral gavage

induces an IgE-MC-dependent anaphylactic response [32, 43]. To confirm the observed

heightened responsiveness in ΔdblGata mice in an independent model, WT and ΔdblGata

mice were sensitized to OVA and subsequently challenged by oral gavage. We show that con-

sistent with the epicutaneous sensitization model, ΔdblGata mice demonstrated more severe

food allergy phenotype with heightened intestinal mastocytosis (SI Mast cells / hpf; WT

149.6 ± 4.7 vs ΔdblGata 205.6 ± 7.5; n = 5 per group; mean ± SEM, p< 0.05) and mast cell acti-

vation (serum MCPT-1 levels (μg/ml): WT, 2.9 ± 1.4 vs ΔdblGata, 11.0 ± 0.9; n = 7 and 12 per

group; mean ± SEM, p< 0.05). Collectively, employing two different models we show that

ΔdblGata mice are more susceptible to IgE-MC-dependent responses in vivo.

Enhanced IgE-MC mediated responses in ΔdblGata mice is associated with

increased Type-2 response

Type 2 immunity has been shown to be critical for the IgE-mast cell response in murine mod-

els of food allergy [3, 44, 45]. To determine whether increased food allergy susceptibility in

Fig 4. Active IgE-MC-dependent anaphylaxis in WT and ΔdblGata mice. (A) Oral antigen-triggered anaphylaxis experimental regime. (B) Diarrhea occurrence,

(C) clinical score and (D) serum mast cell protease-1 (MCPT-1) levels in OVA-sensitized, i.g. Veh- or OVA-challenged BALB/c WT and ΔdblGata mice. The

percentage in panel B represent the number of mice that experienced diarrhea over the number of total mice challenged as a percentage. Panels C and D were

analyzed following eighth challenge of OVA-sensitized, i.g. Veh- or OVA-challenged mice. (C) and (D) line indicates mean and symbols represent individual

mice. Values represent mean ± SEM; n = 6 to 10 mice per group. Statistical significance is ��� p< 0.01. ND non detected.

https://doi.org/10.1371/journal.pone.0219375.g004
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ΔdblGata was associated with increase Type 2 immunity, we assessed antigen specific IgE and

IgG1 levels (Fig 5A and 5B). Notably, while both WT and ΔdblGata mice generated antigen-

specific IgE and IgG1 responses, ΔdblGata mice had significantly higher levels of both OVA-

specific IgG1 and IgE compared to WT mice (Fig 5A). Given the relationship between antigen

specific IgE and Type 2 immune response, we examined for presence of CD4+ TH2 cells (CD4+

IL17RB+) (Fig 5F and 5I) and ILC2 (Lin-, c-Kit+ IL17RB+) cells (Fig 5E and Fig 5H) within the

SI of OVA-sensitized and challenged WT and ΔdblGata mice (Fig 5C). We identified a signifi-

cant increase of CD4+ TH2 cells in the SI of ΔdblGata mice as compared to WT mice (Fig 5F

and 5I). Although there was a significant decrease in the population percentage of ILC2 cells,

the difference was not significant in total cell numbers between WT and ΔdblGata mice (Fig

5E and 5H). MMC9 cells have been recently shown to be the main source of IL-9 in the SI [38]

which promotes mast cell maturation and intestinal mastocytosis and drives IgE-MC-depen-

dent response [38, 43]. Analysis of MMC9 levels in WT and ΔdblGata mice revealed that OVA

sensitization and repeated challenge induced SI MMC9 levels in both WT and ΔdblGata mice

(Fig 5D and 5G). Consistent with elevated mature MC levels in ΔdblGata mice (S2 Fig), levels

of SI MMC9 cells were also increased in ΔdblGata mice compared with OVA-challenged WT

mice (Fig 5D and 5G). To determine whether the observed differences in Type-2 immunity

and SI MMC9 phenotype in ΔdblGata mice was due to homeostatic variances, we examined SI

immune profile of WT and ΔdblGata mice at steady state. Notably, levels of total serum IgE

and CD4+ Th2, ILC2, and MMC9 cells levels in the SI were comparable between WT and

ΔdblGata mice at steady state (S3 Fig). These studies suggest that ΔdblGata mice have normal

Type-2 immune cells in the SI at steady state and that antigen challenge of these mice leads to

heightened SI CD4+ Type-2 immune responses.

Discussion

In the present study, we have investigated the requirement of GATA-1 signaling in the devel-

opment and maturation of MCs and IgE-induced MC function in vitro and in vivo. We show

that diminished GATA-1 function reduced BMMC maturation rate, level of FcεRI expression

and degranulation capacity. However, in vivo analyses revealed that diminutive GATA-1 activ-

ity does not impact tissue MC frequency nor MC functionality at steady state. Surprisingly,

employing models of passive and active IgE-mediated anaphylaxis, we show that diminished

GATA-1 functionality has no impact on IgE-MC-dependent responses in the naïve state, how-

ever, antigen sensitization models revealed that low GATA-1 activity amplifies IgE-MC-

dependent responses and that the increased response appeared to be associated with a stronger

pro-Type 2 response associated with increased antigen-specific IgE and CD4+ Th2 response.

Despite, GATA-1 intrinsic requirement for MC maturation and IgE-functionality in vitro, in
vivo analyses reveals heightened MC functionality and IgE-MC-dependent immune responses.

There has been a number of studies employing various transgenic and gene-deficient mice

defining the involvement of GATA-1 in MC biology [26–28, 46] and these studies have identi-

fied a complex role for GATA-1 in the differentiation, maturation and functionality of MCs.

Some studies have reported that GATA-1 is not required for MC differentiation and matura-

tion, however other studies report an important role for MC maturation and functionality [26,

27, 46]. There has been a number of potential explanations for these discrepancies related to

the level of GATA-1 promoter inactivation in the various genetically modified mice. More-

over, MC-intrinsic differences in GATA-1 activity (GATAlow versus ΔdblGata mice) contrib-

utes to the differences in surface expression of FcεRI on BMMCs [26, 28]. These studies are

supported by the observations of GATA-1 binding to the promoter region of FcεRI, ckit and

cpa3 genes in BMMC’s [47, 48] and the identification of GATA-1 binding motifs in the 5’-end

GATA-1 and IgE-Mast cell responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0219375 August 1, 2019 10 / 17

https://doi.org/10.1371/journal.pone.0219375


GATA-1 and IgE-Mast cell responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0219375 August 1, 2019 11 / 17

https://doi.org/10.1371/journal.pone.0219375


of group A tryptase [27]. Collectively these studies indicate that GATA-1 is dispensable for

MC differentiation [27] however, GATA-1 plays a conserved role in later stage MC maturation

through its involvement in transcriptional regulation of expression of several MC specific

genes including FcεRIα, FcεRIβ and Cpa3 [49–51]. MC differentiation and maturation

involves a complex interplay by several transcription factors including PU.1, MTIF, STAT5, C/

EPBα, and GATA-2 [15–19]. Unlike following GATA-1 deletion, GATA-2 deletion leads to

loss of MC lineage specification [52] suggesting that GATA-2 plays a more dominant role in

mast cell differentiation. Elegant studies by Ohneda and colleagues revealed that GATA-2 is

required for cell lineage specification and the maintenance of mast cells in the differentiated

state, whereas, GATA-1 regulates expression of MC specific group A tryptase gene expression

and mast cell maturation [27].

The observed in vitro effects on diminished GATA-1 signaling on BMMC FcεRI expression

and degranulation capacity prompted us to examine the impact of diminished GATA-1 signal-

ing on IgE-MC dependent responses. To our surprise we observed no difference in IgE-medi-

ated MC-dependent shock responses between WT and ΔdblGata mice. We speculated that the

observed discrepancy between the in vitro and in vivo observations could be explained by

heightened MC activation following IgE crosslinking or altered steady state tissue MC levels.

However, examination of the surrogate MC activation marker (MCPT-1) revealed comparable

level of MC activation between groups and peripheral tissue MC levels at steady state in

ΔdblGata mice were not significantly different to WT mice. The observed similarities in distri-

bution or frequency of MC populations in peripheral tissues is consistent with previous studies

employing ΔdblGata and Gata1-/γ mice [27]. To our knowledge this is the first in vivo examina-

tion of MC function in vivo in GATAlow mice. Interestingly, previous reports suggest that

IgE-FcεRI-MC-dependent anaphylaxis in mice is dependent on connective tissue mast cells

(CTMC) and histamine [53]. Examination of frequency and phenotype of MCs in the perito-

neal lavage of ΔdblGata mice revealed higher MC numbers and reduced expression of FcεRI.

The increased level of MCs in peritoneal lavage is consistent with the observed higher inci-

dence of immature MCs (c-kithigh FcεRIlow) observed in peritoneal lavage of GATA-1low mice

[54]. Previous studies have reported a central role for GATA-2 and MITF in CTMC differenti-

ation and IgE-MC-mediated anaphylaxis [55]. MITF and GATA-2 critically regulate histidine

decarboxylase (HDC) gene expression and histamine synthesis [55] whereas GATA-1’s effects

on MC is likely restricted to regulation of expression of specific MC genes related to group A

Tryptase gene expression (e.g. Mcpt-6) which are not necessary for IgE-FcεRI-MC-dependent

anaphylaxis.

Employing our active models of IgE-MC-dependent anaphylaxis [32], we revealed height-

ened IgE-MC-dependent shock response during diminished GATA-1 activity. This is in con-

trast to a recent study that demonstrated no difference in IgE-mediated anaphylactic responses

between ΔdblGata and WT mice employing a similar sensitization and challenge model [56].

We speculate that the differences observed between the two studies relates to the number of

oral gavage challenges performed. Hussian and colleagues performed two oral gavage chal-

lenges whereas we performed eight repetitive challenges. The increased number of challenges

elicits a stronger SI Th2 response and mastocytosis and following oral gavage challenge a

Fig 5. OVA-specific Ig, CD4+ TH2 cell, MMC9 and ILC2 frequency in SI of WT and ΔdblGata mice. (A and B)

Antigen-specific IgE and IgG1 in serum, (C) detection and frequency of SI Lin−ST2+ FcεRIα+ c-Kit+ β7integrinlow

MMC9 (D and G), Lin-IL-17RB+c-Kit- ILC2s (E and H) and Lin-CD3+CD4+IL-17RB+ TH2 cells (F and I) from OVA-

sensitized, i.g. OVA-challenged BALB/c WT and ΔdblGata mice. All analyses were performed following eighth

challenge of OVA-sensitized, i.g. Veh- or OVA-challenged mice. A, B and D-I, line indicates mean and symbols

represent individual mice. Statistical significance is � p� .05, �� p� .01, and ��� p� .001.

https://doi.org/10.1371/journal.pone.0219375.g005
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stronger IgE-MC-response with increased severity [3, 32, 38, 57]. Albeit not significantly dif-

ferent, Hussain and colleagues did observe heightened level of SI MCs in ΔdblGata mice as

compared to WT mice following two challenges [56].

We currently do not fully understand how diminutive levels of GATA-1 could lead to

heightened in vivo IgE-MC-dependent reactions. We do show that the limited GATA-1 func-

tionality does not impact steady state tissue MC levels or SI CD4+ T cell, ILC2 and MMC9

numbers suggesting that the observed phenotype is not attributed to homeostatic defects. Anti-

gen sensitization and challenge of ΔdblGata mice did lead to increased antigen-induced CD4+

Th2 cells and antigen-specific IgE. CD4+ Th2 responses are required for the development of

IgE-MC-dependent food-induced anaphylaxis and CD4+ Th2 cell levels do positively correlate

with food allergen-induced MC activation (MCPT-1) (r = 0.57, p< 0.05). However, GATA-1

activity is conserved in CD4+ Th2, ILC2 and iMMC9 cells and altered GATA-1 functionality is

known to modulate cellular functionality and thus anyone of these populations could contrib-

ute to the described allergic outcomes.

The ΔdblGata mice are eosinophil deficient and also possess a defect in basophil frequency

and function [58]. Previous studies have reported a role for basophil-derived IL-4 in epicuta-

neous food antigen sensitization and food allergy in mice [59]. Furthermore, eosinophils have

been observed to infiltrate the large intestine in mice with allergy induced diarrhea [60] and

interactions between eosinophils and mast cells lead to mast cell degranulation [61–63]. Our

demonstration of antigen sensitization and the development of IgE-dependent reaction in

ΔdblGata mice comparable to WT mice suggests that eosinophils and basophils are not neces-

sary for intraperitoneal antigen sensitization and development of IgE-MC-mediated food

allergy and anaphylaxis.

In conclusion, mice with diminished GATA-1 function reveal a complex role for GATA-1

in MC maturation and functionality. In vitro, reduced GATA-1 activity leads to impairment

of MC maturation and IgE-mediated degranulation supporting an important role for GATA-1

in MC function. However, in vivo analyses reveal that the MC-intrinsic GATA-1 requirement

in maturation and degranulation does not necessarily impact IgE-MC-dependent immune

responses. These studies reveal the complexity of immune signaling pathways with the exis-

tence of compensatory processes that can independently alter cell intrinsic requirements via

cell extrinsic processes.

Supporting information

S1 Fig. Peritoneal wash mast cells. Peritoneal FcεRIα+ c-Kit+ mast cell frequency and (B)

mean fluorescence intensity (MFI) of FcεRIα on Peritoneal c-Kit+ mast cells. (A) and (B) line

indicates mean and symbols represent individual mice and is representative of three separate

experiments. Statistical significance is �� p� .01.

(AI)

S2 Fig. Increased intestinal mastocytosis in allergy induced ΔdblGata mice. (A–C) Repre-

sentative photomicrographs and quantification of Mast cells/mm2. (C) line indicates mean

and symbols represent individual mice. Data representative of four independent experiments.

Magnification x50 (A and B, left panels) and x200 (A and B, right panels). Statistical signifi-

cance is ��� p� .001.

(AI)

S3 Fig. Total IgE, CD4+ TH2 cell, MMC9 and ILC2 frequency in SI of WT and ΔdblGata

mice at steady state. (A) Total IgE in serum. (B) detection and frequency of SI Lin−ST2+

FcεRIα+ c-Kit+ β7integrinlow MMC9, (C) Lin-IL-17RB+c-Kit- ILC2s, and (D)
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Lin-CD3+CD4+IL-17RB+ TH2 cells from BALB/c WT and ΔdblGata mice at steady state.

(A-D) line indicates mean and symbols represent individual mice. Data representative of three

separate experiments. n.s. not significant.

(AI)
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