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Abstract
Cytokine-mediated mast cell regulation enables precise optimization of their own proinflammatory cytokine production. During allergic 
inflammation, interleukin (IL)-4 regulates mast cell functions, tissue homing, and proliferation, but the direct role of closely related IL-13 
for mast cell activation remains unclear. Previous work has shown that mast cells are potent IL-13 producers, but here we show that 
mouse mast cells do not directly respond to IL-13 by Stat6 activation, as they do not express measurable amount of IL-13 receptor α1 
(IL-4Rα1) messenger RNA. Consequently, IL-4 responses are mediated via type I IL-4R (IL-4/IL4Rα/γC), and IL-4–induced Stat6 
activation is abolished in γC-deficient mast cells. Type II IL-4R deficiency (IL-13Rα1 knockout) has no effect on IL-4–induced Stat6 
activation. In basophils, both IL-4 and IL-13 induce Stat6 activation in wild-type and γC-deficient cells, while in type II IL-4R–deficient 
basophils, IL-4 signaling is impaired at low ligand concentration. Thus, mast cell and basophil sensitivity to IL-4/IL-13 is different, and 
in mast cells, lack of IL-13Rα1 expression likely explains their unresponsiveness to IL-13.
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1 Introduction
Excessive mast cell activation is the root cause of many clinical 
manifestations observed in allergic inflammation. In antigen driv-
en allergic inflammation, antigen-sensitization followed by re- 
exposure to the same antigen results in IgE-mediated mast cell ac-
tivation. Pseudo-allergic reactions result in similar excessive mast 
cell activation, but importantly, without prior antigen sensitiza-
tion. Mast cells may thus be activated by factors related to innate 
immune system (including TLRs [toll-like receptors] or MRGPR2 
[Mas-related G protein-coupled receptor 2]) or by adaptive im-
mune system (allergen-specific IgE crosslinking), while cytokines 
that regulate mast cell activation may derive from either of these 
immune responses.1–4 IL-33 (e.g. in combination with Stat5 acti-
vating IL-3) can induce IL-6 and IL-13 production in murine peri-
toneal cavity mast cells (PMcs).5,6 IL-13, in turn, can then either 
enhance allergic inflammation in tissues further,7 or this mast 
cell–derived IL-13 can directly inhibit type 1 response (e.g. by de-
creasing IL-12 production in dendritic cells).8

IL-13 shares a functional receptor with IL-4 (Fig. 1A), a master 
regulator of CD4 T cell T helper 2 differentiation.9 IL-4 plays a 
regulatory role in type 2 inflammation, while IL-13 is largely an ef-
fector cytokine, which is due to the differential expression of the 
receptor chains, their ligands, and differential binding energetics 
of IL-4 and IL-13 to their cognate receptor chains.10,11 For mast 
cells, IL-4 was originally described as an important factor for pro-
liferation and survival,12 and IL-4 also regulates IgE expression 

and tissue homing.13 While IL-4 clearly regulates mast cell biol-
ogy, the role of IL-13 on mast cells is less clear.14 However, it is 
of interest that in an immortalized human mast cell line 
(HMC-1), comparisons of IL-4 and IL-13 responsiveness have indi-
cated that these cells do respond to IL-13.15,16

Here, we have studied direct response of murine mast cells and 
basophils to IL-4 and IL-13. We found that mouse mast cells ex-
press little or no IL-13Rα1 and thus IL-4 signaling is heavily de-
pendent on type I IL-4R expression and mast cells respond 
poorly to IL-13. Basophils, on the other hand, respond to IL-13 
and, quite logically, to IL-4, even in the absence of γC.

2 Results and discussion
2.1 Bone marrow–derived mast cell responses to 
IL-4 and IL-13
The genetic background of inbred mice may affect mast cell re-
sponses.17 Therefore, we first analyzed Stat6 phosphorylation in 
bone marrow–derived mast cells (BMMCs) from B6 and BALB/c 
mice in response to IL-4 and IL-13.18 Both BMMCs were sensitive 
to IL-4 and 0.1 ng/mL of IL-4 gave practically maximal response, 
but overall Stat6 phosphorylation as measured by mean fluores-
cence intensity was higher in B6 BMMCs (P values for B6 vs 
BALB/c at concentrations from 0.01 to 10 ng/mL were all <0.05) 
(P values provided in Supplementary Table 1). Most strikingly, 
100 ng/mL of IL-13 did not induce measurable Stat6 phosphoryl-
ation in BMMCs from either background (Supplementary Fig. 
1A). IL-13 preparate used in these experiments clearly induced † Authors contributed equally to this research.
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pStat6 in simultaneously cultured BM-derived macrophages 
(Supplementary Fig. 1B), verifying the quality of IL-13 used.

Of the 2 IL-4 receptors, IL-4 signals via type I and type II IL-4 re-
ceptors (IL-4Rs), while IL-13 only signals via type II IL-4Rs (Fig. 1A). 
Although the functional role of IL-13Rα2 as a signal transducing 

receptor is still somewhat unclear, at least Stat6 is not activated 
by IL-13Rα2,19 and for the remainder of this report we focus on 
IL-13 signaling via type II IL-4R. We first studied if IL-4 response 
in type I IL-4R–deficient mast cells was affected. Indeed, 
γC-deficient BMMCs did not show any response to IL-4, even at 

Fig. 1. Mouse BMMC signaling response to IL-4 and IL-13 and mRNA expression of IL-4 receptor components in BMMCs. (A) Organization of IL-4R and 
IL-13R. (B) B6 WT and γC KO or (C) BALB/c WT and IL-13Rα1 KO BMMCs were left unstimulated or stimulated with IL-4 or IL-13 as indicated for 15 min. 
Y641 phosphorylation of Stat6 in c-Kit/FcϵRI double-positive live cells was measured by flow cytometry. Three independent experiments of BMMCs 
from different mice in each experiment were performed. (Right) Percent induction of pStat6 mean fluorescence intensity normalized to unstimulated 
sample in each experiment; mean and SEM are indicated. (D) mRNA expression of indicated IL-4R chains on day 30–60 BMMCs. Cells cultured from 3 
different mice per mouse line were used; c-Kit/FcϵRI positivity of cells was 95% to 99%. A positive mRNA control for IL-13Rα1 in this experiment was 
pooled BALB/c skin and spleen samples, treated for 2 wk with DMBA/TPA. Scale indicates ribosomal 18S normalized cycle number of log phase of qPCR 
reaction (2^−ΔΔCt method).
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100 ng/mL concentration, and as in wild-type (WT) B6 BMMCs, no 
IL-13 response was observed (Fig. 1B), suggesting that no compen-
satory expression of type II IL-4R in type I IL-4R–deficient cells oc-
curred. In contrast to γC knockout (KO) mast cells, IL-4 response in 
BMMCs from type II IL-4R–deficient (i.e. IL-13Rα1 KO) mice showed 
no defects in IL-4 signaling (Fig. 1C). All P values for comparing 
pSTAT responses are shown in Supplementary Table 1. BMMCs 
from γC and IL-13Rα1 KO mice developed normally and showed 
comparable c-Kit/FcϵRI expression to WT BMMCs (Supplementary 
Fig. 1C). Thus, in line with type I IL-4R–dominant functional IL-4 re-
sponses in mast cells observed previously,13 deletion of γC in 
BMMCs abolished IL-4 responsiveness.

One explanation for these signaling differences could be the ex-
pression of critical receptor for both IL-4 and IL-13: IL-13Rα1. For 
this, messenger RNA (mRNA) of Il-4rα, γC, and Il-13rα1 in BMMCs 
was measured. The purity of BMMCs is shown in Supplementary 
Fig. 1C. The results shown in Fig. 1D indicate that Il-13rα1 mRNA 
expression was not detected by quantitative polymerase chain re-
action (qPCR) in any mast cell types studied, while other IL-4R re-
ceptor chains were readily expressed. A positive mRNA control for 
IL-13Rα1 in these experiments was pooled BALB/c skin and spleen 
samples, treated for 2 wk with DMBA/TPA.20 Unfortunately, we 
were unable to measure mouse IL-13Rα1 protein by flow cytome-
try, as commercial antibodies showed insufficient specificity 
that was observed particularly when IL-13Rα1 KO cells were 
used as a negative control.

2.2 PMc responses to IL-4 and IL-13
To study mast cell IL-4/IL-13 responses in more physiological 
setting, we compared maximal IL-4 and IL-13 concentrations 

(100 ng/mL) in PMcs (PMc gating) (Supplementary Fig. 2A). In B6 
and BALB/c PMcs, IL-4 resulted in clear induction of pStat6, while 
IL-13 induced pStat6 minimally (Fig. 2A and B). However, the P val-
ues for difference of IL-13 compared with unstimulated in 
neither B6 nor BALB/c were not significant (P values shown in 
Supplementary Table 1). In γC-deficient PMcs, both IL-4 and 
IL-13 (100 ng/mL each) caused slight and measurable but not stat-
istically significant pStat6 that appeared biphasic (Fig. 2A and P 
values in Supplementary Table 1), suggesting that PMcs or a sub-
population of PMcs might have compensatory upregulation of 
Il-13rα1 that may have occurred after BM development, as γC KO 
BMMCs did not show any response to IL-13 (Fig. 1B). It is also pos-
sible that this approximately 10% population (i.e. not present in 
BM-derived cultures) represents a contaminating c-Kit–positive 
cells (e.g. dendritic cells that become enriched in γC KO mice).21

As said, it may also represent a currently uncharacterized subpo-
pulation of PMcs that may be unproportionally present in γC KO 
mice. IL-4 responses in IL-13Rα1–deficient PMcs were slightly but 
not statistically significantly reduced as compared with WT con-
trol samples, while no IL-13 response was observed (Fig. 2B and 
P values in Supplementary Table 1).

2.3 Effect of mast cell activation to IL-13 
responsiveness and IL-13R expression
In human lung mast cells, evidence of Il-13rα1 mRNA and respon-
siveness to IL-13 was observed.22 In fact, this IL-13 response was 
not evident after short-time IL-13 stimulation but appeared in a 
5-day stimulation of the cells with IL-13 itself, hinting that 
IL-13Rα1 is not consistently expressed on cell surface, but rather 

Fig. 2. Mouse PMc signaling response to IL-4 and IL-13. Peritoneal flushes from (A) B6 WT and γC KO or (B) BALB/c WT and IL-13Rα1 KO mice were left 
unstimulated or stimulated with 100 ng/mL of IL-4 or IL-13 for 15 min, followed by pStat6 analysis of c-Kit/FcϵRI double-positive cells as in Fig. 1B. Three 
independent experiments were performed with pooled peritoneal flushes (n = 3 to 5 mice per experiment). (Middle) Percent induction of pStat6 mean 
fluorescence intensity normalized to unstimulated sample in each experiment; (right) percent pStat6-positive cells of c-Kit/FcϵRI double-positive cells; 
mean and SEM are indicated.
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is under a positive feedback loop by its ligand. In line with this, 
24-h treatment of mouse BMMCs with IL-13 did not induce FcϵRI 
expression, while IL-4 did,13 though this could also be explained 
by other signaling differences such as differential IRS2 induction 
by IL-4 and IL-1323 that might eventually regulate FcϵRI expression 
differentially.

To learn if IL-13Rα1 expression might be upregulated by mast 
cell activation, we initially measured IL-13Rα1 in BMMCs after in 
vitro activation. WT and type I and type II IL-4R KO BMMCs were 
activated with a known IL-13 inducer in mast cells, namely 
IL-33. A total of 50 ng/mL of IL-33 was used to stimulate the cells 
for 48 h.5,6 Because a 5-day stimulation of human mast cells with 
IL-13 induces IL-13 responsiveness,22 we also stimulated murine 
BMMCs with IL-13 (20 ng/mL) for 5 days. We then analyzed either 
Il-13rα1 mRNA or IL-4–or IL-13–induced pStat6. IL-13 or IL-33 did 
not induce expression of Il-13rα1 mRNA, while the expression of 
Il-4rα and γC was clearly observed (Supplementary Fig. 2B). In re-
sponse to IL-33, no effect on IL-13–induced pStat6 was observed 
(Fig. 3A and P values in Supplementary Table 1). For 5-day IL-13 
stimulation, slight induction of basal pStat6 was observed only 
in B6 WT line (but the P value was not significant), which was 
somewhat confusing taking into account negative qPCR 
(Supplementary Fig. 2B), but when these cells were further stimu-
lated for 15 min with IL-4, the Stat6 activation in response to IL-13 
was marginal as compared with IL-4: P values for B6 WT, BALB/c 
WT, and IL-13Rα1 KO were all <0.001 (Fig. 3B and P values in 
Supplementary Table 1).

To measure in vivo Il-13rα1 mRNA expression in PMcs, type 2 in-
flammation was induced by papain immunization.24 On day 21, 
we harvested the peritoneal cavities and measured Il-13rα1 
mRNA in FACS-purified PMcs (purity in Supplementary Fig. 2C). 
Functional type 2 response was verified by IgE levels in mouse se-
rum (Fig. 3C). While type 2 inflammation was clearly induced (the 
P value for IgE between papain or phosphate-buffered saline 
[PBS]–treated mice was 0.0045), Il-13rα1 mRNA was not detected 
in PMcs (Fig. 3D).

One future direction for broader mechanistical studies should 
clarify if expression of IL-13Rα1 in various setting is a mechanism 
by which IL-13–mediated mast cell activation is kept in check. For 
example, in systemic mastocytosis, single nucleotide polymor-
phisms in Il-13 cytokine promoters are associated with the disease 
and higher levels of serum IL-13.25,26 It will be fascinating to learn 
if IL-13Rα1 expression on mast cells in systemic mastocytosis is in-
creased. Alternatively, repopulating various mast cell–deficient 
mice27 with mast cells forced to express IL-13Rα1 will be very 
informative.

In the context of cancer, we and others have shown that IL-13/ 
IL-13Rα1 signaling protects mice from papilloma formation in an 
experimental murine model of squamous cell carcinoma,20,28

and mast cells have been considered as one possible cellular tar-
get of IL-13 in this model. Our current results suggest mast cells 
are unlikely the direct target of protective IL-13 signaling in this 
context, albeit the Il-13rα1 mRNA level in mast cells in this model 
has not, to best of our knowledge, been studied.

2.4 Basophil responses to IL-4 and IL-13; 
importance of type II IL-4R for basophils
Finally, IL-4 and IL-13 signaling was studied in basophils. As op-
posed to the BMMCs, both IL-4 and IL-13 induced clear activation 
of pStat6 in BM–derived basophils (BMDBs) from both B6 and γC 
KO mice, albeit IL-4 induced signaling was reduced (P values for 
all cytokine concentrations <0.01) (Supplementary Table 1) but 

not completely abolished, as in γC KO BMMCs (compare Fig. 1B
and 4A). IL-4 signaling in BMDBs from type II IL-4R–deficient 
mice was not impaired, indicating type I IL-4R–mediated signaling 
was able to compensate the lack of type II IL-4R deficiency. IL-13 
signaling was completely abolished as expected (Fig. 4B and P val-
ues in Supplementary Table 1). These data indicate that IL-4–in-
duced signaling in BMDBs is not dependent solely on availability 
of either type I or type II IL-4R. Similarly, in resident tissue baso-
phils from spleens of B6 or BALB/c mice (Gating in 
Supplementary Fig. 2D), both IL-4 and IL-13 did induce potently 
pStat6, with BALB/c basophils being far more sensitive to IL-4 
than B6 counterparts in a head-to-head comparison (Fig. 4C and 
P values in Supplementary Table 1). As in BMDBs, in IL-13Rα1–de-
ficient splenic basophils IL-4 signaling via type I IL-4R compen-
sated the lack of type II IL-4R signaling (Fig. 4C).

In food allergy, IL-4 is a critical driver of mast cell populating 
the intestine, based on our results, transfer of γC-deficient mast 
cells in similar setting could replicate the results obtained with 
IL-4Rα KO.13 Our work thus underlines the critical role of type I 
IL-4R for mast cell IL-4 responses and provides the molecular ba-
sis of earlier observations supporting this. In short, our results in-
dicate that 2 developmentally and functionally related myeloid 
cell types that are important regulators of allergic inflammation 
are surprisingly different in their capability to respond to IL-13, 
and if availability of γC becomes limited, they are also strikingly 
different in their responsiveness to IL-4.

3 Methods
3.1 Mice
IL-13Rα1 KO mice on BALB/c background was provided by 
Regeneron Pharmaceuticals Inc, and age- and sex-matched WT 
BALB/c mice were used as control animals. γC KO mice (Jax line 
#3174) were from the Jackson Laboratory, and age- and sex- 
matched WT C57BL/6 (Jax line #664) mice were used as control an-
imals. All animal maintained at Tampere University Animal 
Facility, following all rules and instructions posed by the facility. 
All experiments were performed in accordance with protocols ap-
proved by the National Animal Ethics Committee of Finland under 
animal permits ESAVI/23659/2018 and ESAVI/971/2021.

3.2 Cell isolation and stimulation
BM from euthanized mice was collected purified as described pre-
viously29 and cultured in RPMI (Gibco [Thermo Fisher Scientific]) 
complemented with 10% fetal bovine serum (Gibco [Thermo 
Fisher Scientific]), 1% L-glutamine, and 1% penicillin-streptomycin 
and 20 ng/mL of IL-3 (PeproTech) for 10 to 12 d for basophils or 
30 to 60 d for mast cells or with 20 ng/mL of macrophage 
colony-stimulating factor (PeproTech) for 7 d for macrophages. 
For peritoneal cavity cells, peritoneal cavities were flushed twice 
with 7 mL PBS containing 2 mM ETDA (Sigma), and the cells 
were then centrifuged for 5 min 350 g at 4 °C to harvest all cells. 
Spleens were mashed on Petri dish in PBS containing 2 mM 
EDTA (Sigma) and 0.1% bovine serum albumin (BSA) (Sigma), fil-
tered through a 40-μm strainer and then centrifuged for 5 min 
350 g at 4 °C to harvest single cells. For splenic cells and BM, red 
blood cell lysis was performed with ACK lysing buffer (Gibco 
[Thermo Fisher Scientific]). The cells were left unstimulated or 
stimulated with IL-33 (50 ng/mL; PeproTech) for 2 d or IL-13 for 
5 d (20 ng/mL; PeproTech) and followed by the further addition 
of IL-4 or IL-13 (both from PeproTech) as indicated for 15 min at 
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Fig. 3. Effect of in vitro activation or in vivo type 2 inflammation on IL-13Rα1 expression in mast cells. (A) BMMCs from indicated mice genotypes were 
either left in culture medium or stimulated with IL-33 for 2 d followed by 15 min stimulation either with IL-4 or IL-13. pStat6 was measured as in Fig. 1B. 
A total of 3 to 5 independent experiments with BMMCs from different individual mice in each experiment were performed. (Bottom) Percent induction 
of pStat6 mean fluorescence intensity normalized to the unstimulated sample in each experiment; mean and SEM from these experiments are 
indicated. (B) BMMCs from indicated mice were either left in culture media or stimulated for 5 d with IL-13. The cells were then either left unstimulated 
or stimulated with IL-4. The analysis was then performed as in Fig. 3A. (C) Papain-induced IgE levels in mouse serum. Mice were subjected to 
subcutaneous papain/PBS injections twice on day 0 and 14 and euthanized on day 21 (10 µg papain per mouse in 100 µL of PBS). Mice receiving 100 µL of 
PBS on days 0 and 14 served as control animals. After euthanasia, sera were collected and IgE levels were determined. The experiment was repeated 
twice using serum from PBS-treated (n = 2 to 3 per experiment) or papain-treated (n = 2 to 4 per experiment) animals. Medians are indicated by line. 
(D) B6 WT mice were subjected to 21-d papain immunization, and after euthanasia, the peritoneal cavity cells were collected and pooled (2 to 3 animals 
per pooled sample in both treatment groups). PMcs were purified by FACS, and qPCR for Il-13rα1 was performed. A positive mRNA control for IL-13Rα1 in 
these experiments was pooled BALB/c skin and spleen samples, treated for 2 wk with DMBA/TPA. The experiment was repeated twice using pooled 
peritoneal flushes from PBS (n = 2 to 3 per experiment) or papain (n = 2 to 4 per experiment) groups.
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+37 °C. Samples were washed with PBS containing 2 mM EDTA 
and 0.1% BSA before the further analysis.

For DMBA-TPA treatment of mouse skin, the backs of mice 8 wk 
of age were shaved, and 48 h later, 50 μg DMBA (Sigma-Aldrich) in 
200 μL acetone was applied topically on the shaved area. A week 
later, the back skin was treated twice a week with 5 μg TPA 
(Sigma-Aldrich) in 200 μL acetone. The animals were sacrificed by 
carbon dioxide 48 h after the final TPA application. Skin samples 
were harvested into RNAlater RNA Stabilization Reagent (Qiagen) 
and snap-frozen in liquid nitrogen. The mRNA was extracted using 
Invitrogen TRIzol Reagent (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. Homogenization was performed 
with Precellys homogenizer in CKMix tubes. The skin samples 
were homogenized at 6,500 rpm for 2′. The RNA extraction from 

the skin samples was done with E.Z.N.A. Total RNA Kit I (VWR) ac-
cording to the manufacturer’s instructions.

3.3 Flow cytometry
The splenic, BM-derived, and peritoneal cavity cells were incubated 
with mouse Fc Block (clone 2.4G2; BD Pharmingen) for 5 min at 4 °C. 
For fresh surface staining, the peritoneal cavity or BM-derived cells 
were stained against c-Kit (PE, clone 2B8 (eBioscience (Thermo 
Fisher Scientific)] or BV421 [BD Pharmingen]) and FcϵRI (FITC, clone 
Mar-1; Invitrogen [Thermo Fisher Scientific]) for 20 min at 4 °C and 
washed twice with PBS containing 2 mM EDTA and 0.1% BSA. For 
sorting peritoneal cavity cells, staining against CD3 (AlexaFluor 
780, clone 17A2; eBioscience [Thermo Fisher Scientific]) and B220 

Fig. 4 . Basophil signaling response to IL-4 and IL-13. (A) B6 WT and γC KO or (B) BALB/c WT and IL-13Rα1 KO BMDBs were left unstimulated or 
stimulated with IL-4 or IL-13 as indicated for 15 min. Stat6 phosphorylation was measured from gated FceRI + CD49b + c-Kit- cells by flow cytometry. 
Three independent experiments with BMDBs from different mouse lines in each experiment were performed. (Right) Percent pStat6-positive cells of 
FcϵRI+CD49b+c-Kit− cells; mean and SEM are indicated. (C) B6 WT, BALB/c WT, and IL-13Rα1 KO splenocytes were left unstimulated or stimulated with 
IL-4 and IL-13. Y641 phosphorylation of Stat6 in FcϵRI + B220− cells was measured by flow cytometry. A total of 3 to 6 independent experiments with 
splenocytes from different mice in each experiment were performed. (Right) pStat6-positive cells of FcϵRI+B220− cells; mean and SEM are indicated.
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(AlexaFluor 780, clone RA3-6B2; BD Pharmingen) was also included. 
For splenic cell intracellular staining, the cells were stained against 
B220 (PE-Cy7, clone RA3-6B; eBioscience [Thermo Fisher Scientific]) 
at 4 °C and washed twice with PBS containing 2 mM EDTA and 0.1% 
BSA. Cells were fixed with 1% paraformaldehyde for 10 min at 
room temperature and permeabilized with PermBuffer IV (BD 
Pharmingen) according to the manufacturer’s instructions. Then, 
cells were stained against pSTAT6 (pY641) (Alexa Fluor 647, Clone 
J71-773.58.11; BD Pharmingen) and FcϵRI (FITC; eBioscience 
[Thermo Fisher Scientific]) for 20 min at room temperature. For 
intracellular staining of BM-derived or peritoneal cavity cells, the 
cells were fixed with 1% paraformaldehyde for 10 min at room tem-
perature, washed twice with PBS containing 2 mM EDTA and 0.1% 
BSA, and stained against c-Kit (BV421, clone 2B8; BD Pharmingen) 
for 20 min at 4 °C and washed twice with PBS containing 2 mM 
EDTA and 0.1% BSA. Then, cells were permeabilized with 
PermBuffer IV (BD Pharmingen) according to manufacturer in-
structions and finally stained against pSTAT6 (pY641) (PE or 
Alexa Fluor 647, Clone J71-773.58.11; BD Pharmingen), FcϵRI 
(FITC; eBioscience [Thermo Fisher Scientific]), f4/80 (PE, clone 
T45-2342; BD Pharmingen), CD11b (FITC, clone M1/70; BD 
Pharmingen), CD49b (PE, clone DX5; eBioscience [Thermo Fisher 
Scientific]), and/or c-Kit (APC or PE, clone 2B8, eBioscience 
[Thermo Fisher Scientific]) for 20 min at room temperature. Cells 
were washed twice with PBS containing 2 mM EDTA and 0.1% 
BSA before flow cytometric analysis.

All cells were analyzed using FACSAria Fusion (BD 
Pharmingen), FACS Canto (BD Pharmingen), or CytoFLEX (Becton 
Dickinson). Cell sorting was performed using FACSAria Fusion. 
Data analysis was performed with FlowJo software (version 
10.8.1) (FlowJo LLC).

3.4 Statistical analysis
For statistical analysis, GraphPad Prism 9 (GraphPad Software) 
was used. P values were indicated based on the comparison setup 
and normality, calculated using multiple comparison analysis of 
variance with Dunnett’s or Tukey’s method, Mann Whitney U 
test, 2-tailed t test, or unpaired t test with Holm-Šídák correction. 
P values and used test methods for each comparison are shown in 
Supplementary Table 1.

3.5 Extraction of RNA and qPCR analysis
The mRNA was extracted using RNeasy Mini Kit (Qiagen) accord-
ing to the manufacturer’s instructions. The amount of RNA 
was measured using NanoDrop One (Thermo Fisher Scientific). 
RNA was converted to complementary DNA (cDNA) by reverse 
transcription using iScript cDNA Synthesis Kit (Bio-Rad 
Laboratories). A total of 20 ng of cDNA was used for qPCR analysis, 
which was performed in MicroAmp Fast Optical 96-well reaction 
plate using QuantStudio 12 K Flex Real-Time PCR System (both 
from Applied Biosystems). The qPCR reaction was done in a reac-
tion volume of 20 μL with Luna Universal qPCR Master Mix (New 
England Biolabs) according to the manufacturer’s instructions 
with primers for γC, Il-4Rα , and Il-13Rα1 and for the reference 
gene ribosomal 18S (all 250 nM). Used primer sequences were 
for γC forward 5′-TGTTGGTTGGAACGAATGC-3′ and reverse 
5′-CCCTTTAGACACACCACTCCA-3′; for Il-4Rα forward 5′-GACT 
GGATCTGGGAGCATCA-3′ and reverse 5′-CAGTCCACAGCGCTA 
TCCAG-3′; for Il-13Rα1 forward 5´-CTGAGTCAAATAGATGTT 
CGGGC-3′ and reverse 5′-GGAGGGGGAGTATGTGTGTTCAC-3′ 
and for ribosomal 18S forward 5′-GTGATCCCTGAGAAGTT 
CCAG-3′ and reverse 5′-TCGATGTCTGCTTTCCTCAAC-3′. As 

negative controls, no-template and no-reverse-transcriptase 
controls were also included. The thermal cycler profile was 1 min 
95 °C, 40 × (15 s 95 °C, 30 s 60 °C + plate read). At the end of thermal 
program, a melting curve analysis was always performed to check 
unspecific PCR. The ΔΔCt method was used to analyze the data.

3.6 Enzyme-linked immunosorbent assay
Papain from papaya latex (lyophilized powder, aseptically filled; 
Merck) was dissolved in PBS−/− (pH 7.2; Gibco [Thermo Fisher 
Scientific]). At day 0, 8-wk-old female WT C57BL/6 animals were 
injected subcutaneously in the scapular region of the back with 
100 μL of papain at 0.1 mg/mL (10 μg per animal) or PBS−/− as con-
trol. At day 14, the same injection protocol was repeated. At day 
21, animals were euthanized in a CO2 chamber, blood samples 
were collected using cardiac puncture, and serums were collected 
using BD SST microtainer tubes (BD Pharmingen). The sera were 
stored in −20 °C prior the assay. IgE levels in sera were detected us-
ing IgE Mouse Uncoated ELISA Kit (Sigma) according to the manu-
facturer’s instructions.
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