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Abstract

Background: Because few curative treatments are available for food allergy, we

investigated the therapeutic potential of rapamycin, a mammalian target of rapa-

mycin (mTOR) inhibitor, on mouse food allergy.

Methods: The preventive and therapeutic effects of oral rapamycin on anaphylac-

tic symptoms induced by oral ovalbumin (OVA) challenge in food allergy mice

were investigated. Mast cell functions in response to rapamycin were also mea-

sured in the passive systemic anaphylaxis model and bone marrow–derived mast

cells (BMMCs).

Results: Daily rapamycin from the first challenge (preventive protocol) attenuated

food allergy symptoms including diarrhea, anaphylactic reactions, and hypother-

mia in mice. The treatment decreased the challenge-induced increases in mouse

mast cell protease-1 in serum and mast cell numbers in the intestine. Notably, the

mice that already showed food allergy symptoms by previous challenges recov-

ered from the disease with daily administration of rapamycin (therapeutic proto-

col). Anti-OVA IgG1 and IgE levels in serum, as well as IFN-c, IL-4, IL-13,

IL-9, IL-10, and IL-17 secretion from splenocytes, were decreased by the treat-

ments. In contrast, a single dose of rapamycin failed to affect passive systemic

anaphylaxis. Spontaneous and IL-9-dependent survival and IgE-induced IL-13

secretion, but not degranulation, of BMMCs were reduced by rapamycin.

Conclusion: Our data show that mouse food allergy was attenuated by rapamycin

through an immunosuppressive effect and inhibition of intestinal mast cell hyper-

plasia. Inhibition of the IL-9 production–mast cell survival axis is one of the

mechanisms of the therapeutic effect of rapamycin. Rapamycin and other mTOR

inhibitors might be good candidates for therapeutic drugs for food allergy.

Five percent or more of infants worldwide are estimated to

suffer from food allergy (FA) (1, 2). In FA patients, ingestion

of food allergens causes gastrointestinal (diarrhea, vomiting),

cutaneous (urticaria), bronchopulmonary (dyspnea), cardio-

vascular (hypotension) symptoms and, in severe case, lethal

anaphylactic shock (3, 4). Increases in the prevalence of FA

among UK children from 1989 to 2002 (5) remind us that FA

is a serious public health concern. Although quick treatment

of the acute symptoms, such as the injection of epinephrine,

saves many lives (6), casual treatment and prophylactic treat-

ment should be established to suppress the anaphylactic symp-

toms and to improve the life of the allergic patients.

Animal and clinical studies have revealed that sensitiza-

tion to the allergens and subsequent mast cell activation by

cross-linking of FceRI with IgE and food antigen are criti-

cal for the induction of FA (7–9). Many intracellular sig-

naling molecules are considered to contribute to the
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sensitization stage and mast cell–dependent anaphylaxis in

response to stimulation. Thus, molecular-targeted drugs

affecting the activities of these molecules involved in

immune responses and mast cell activation might be effec-

tive for FA. However, although various studies have inves-

tigated the efficacy of molecular-targeted drugs on FA,

little is known about which intracellular signaling molecules

are involved in FA (10, 11).

Among the signaling pathways, the c-kit–PI3K–Akt–mam-

malian target of rapamycin (mTOR) signaling cascade is

important for proliferation/survival and function of mast

cells in vitro (12) as well as for immune responses (13). In

accordance with these reports, we reported that the c-kit

inhibitor sunitinib inhibits FA in mice via attenuation of

intestinal mast cell (IMC) activation and hyperplasia as well

as via the suppression of immune responses against food

allergen (14). To expand information in this field, we investi-

gated the therapeutic effect of rapamycin (Rapamune®; Pfizer

Inc., New York, NY, USA), a mTOR inhibitor used as an

immunosuppressant to prevent transplant rejection in clinic

(15), on FA in mice and the role of mTOR in the develop-

ment of FA. In addition, the effects of rapamycin on IgE-

dependent passive systemic anaphylaxis (PSA) in vivo were

examined, together with degranulation, cytokine production,

and survival by IL-9, an indispensable cytokine for IMC

hyperplasia in the mouse FA model (16), of bone marrow–
derived mast cells (BMMCs).

Methods

Animals

Male Balb/c mice (Japan SLC, Inc., Shizuoka, Japan) were

maintained in a temperature-controlled environment with

standard chow and water. All animal procedures were

approved by the Animal Ethics Committee of Kobe Pharma-

ceutical University.

Reagents

Anti-ovalbumin (OVA) IgE (OE-3)-producing hybridoma

was newly established by using Polyethylene Glycol 1500

(Roche Diagnostics GmbH, Mannheim, Germany). Rapamy-

cin (LC Laboratories, Woburn, MA, USA) was dissolved in

0.3 ml of ethanol, and then the solution was dispersed in

2.7 ml of saline containing 0.1% TWEEN20 (Sigma-Aldrich,

Co., St. Louis, MO, USA) and administered intragastrically

(200 ll/mouse).

Experimental oral antigen–induced anaphylaxis

Mice were sensitized by the injection of 50 lg OVA i.p.

(Sigma-Aldrich, Co.) in 100 ll of phosphate-buffered saline

with 100 ll of Imject alum (Thermo Scientific, Rockford,

IL, USA) at days 0 and 14 (Fig. 1A). To investigate the

preventive effect, rapamycin (0.25 or 0.75 mg) was adminis-

tered every day from days 27 to 45 (preventive protocol).

The drug administration on the day before challenge was

carried out at 12 h or more before the challenge on the

next day. On the challenge day, the drug was administered

2 h or more after the challenge. From day 28, mice were

orally challenged with 50 mg OVA in saline every 3 days, a

total of six times. Before each challenge, mice fasted for

3 h. Diarrhea and anaphylactic symptoms were scored by

visually monitoring mice for 60 min after challenge as fol-

lows (14): diarrhea – 0, normal stools; 1, a few wet and

unformed stools; 2, a number of wet and unformed stools

with moderate perianal staining of the coat; 3, severe,

watery stool with severe perianal staining of the coat – and

anaphylactic symptoms – 0, no symptoms; 1, reduced activ-

ity, trembling of limbs; 2, loss of consciousness, no activity

upon prodding; 3, convulsions, death. Rectal temperature

and mouse mast cell protease (MMCP)-1 concentration in

serum were determined as described previously (14). To

investigate the therapeutic effect (Fig. 3A), rapamycin

(0.75 mg) was administered every day from days 45 to 54

to mice already immunized and challenged six times (thera-

peutic protocol). On days 46, 49, and 52, the mice were

orally challenged with 50 mg OVA.

PSA model

Passive systemic anaphylaxis in mice was induced as

described previously (14) except for using 200 lg OE-3 for

i.v. sensitization.

Measurement of cytokines from cultured spleen cells and

anti-OVA antibodies in serum

On day 46 in the preventive protocol or on day 55 in the

therapeutic protocol, serum and spleens were obtained.

Splenocyte suspensions were cultured with 100 lg/ml OVA

for 3 days (14). The cytokine concentration in the superna-

tants was quantified by ELISA kits for IFN-c, IL-4, IL-13

(R&D Systems, Inc., Minneapolis, MN, USA), IL-9, IL-10,

and IL-17A (eBioscience, Inc., San Diego, CA, USA). The

levels of anti-OVA IgE, IgG1, and IgG2a in serum were mea-

sured as described previously (14).

Quantification of IMCs

Mast cell numbers in the jejunum were counted with chloro-

acetate esterase staining (14, 17).

Assay of degranulation, cytokine production, survival, and

sub-G1 population of BMMCs

Bone marrow–derived mast cells were generated as

described previously (14) and were sensitized with 200 ng/ml

OE-3 for 24 h. After pretreatment with the indicated con-

centrations of rapamycin for 20 min, the cells were stimu-

lated for 20 min with 0.5 lg/ml OVA with rapamycin to

measure the release of b-hexosaminidase (14). OE-3-sensi-

tized BMMCs were also cultured with medium containing

OVA and rapamycin for 8 h. The IL-13 concentration in

the cultured supernatant was determined by IL-13 ELISA
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Figure 1 Preventive administration of rapamycin attenuated the

symptoms of oral antigen–induced food allergy including allergic

diarrhea, anaphylactic symptoms, and hypothermia. With the proto-

col (A), diarrhea occurrence, diarrhea score (B), anaphylactic

response, and anaphylactic score (C) were monitored within 1 h

from oral ovalbumin (OVA) administration to immunized (OVA) or

nonimmunized (Non) mice treated with rapamycin (Rapa). The num-

bers of mice in each group were as follows: control ‘Non’ group

(n = 6), ‘OVA’ group (n = 24), ‘OVA/Rapa 0.25 mg’ group (n = 16),

‘OVA/Rapa 0.75 mg’ group (n = 20), and ‘Non/Rapa 0.75 mg’ group

(n = 3). Rectal temperature was assessed for 1 h after the sixth

challenge (D). *P < 0.05 vs OVA group.
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kit (eBioscience, Inc.). The viability of BMMCs assayed

using MTT (18) was not affected by the treatment with

rapamycin at the concentration used for 8 h or less (data

not shown).

Survival of BMMCs cultured with IL-9 (50 ng/ml) and

rapamycin for 48 h was measured by MTT assay (18). To

analyze the sub-G1 population, BMMCs cultured with or

without IL-9 (50 ng/ml) and rapamycin for 24 and 48 h were

collected and fixed in ethanol (70%) for 24 h. Then, the cells

were stained by 50 lg/ml of propidium iodide (Wako Pure

Chemical Industries, Ltd., Osaka, Japan) containing 10 lg/
ml of RNase (Wako Pure Chemical Industries, Ltd.) and

analyzed for fluorescence (FL2) by FACScalibur (BD Biosci-

ence, San Jose, CA, USA).

Statistical analysis

To analyze data statistically, the Mann–Whitney U-test and

one-way ANOVA followed by Tukey’s post hoc test were used.

Results

Preventive and therapeutic effects of rapamycin on FA in

mice

Administration of rapamycin with the preventive protocol

(Fig. 1A) obviously inhibited oral OVA challenge–induced
FA, namely diarrhea occurrence and score (Fig. 1B), anaphy-

lactic response and score (Fig. 1C), and hypothermia

(Fig. 1D), suggesting a preventive effect of rapamycin on FA

in mice. The treatment decreased the concentration of

MMCP-1 released from mucosal mast cells (MMCs) in serum

at 1 h after the sixth oral OVA challenge (Fig. 2A). Increase

in mast cells in the intestinal villi, but not crypts of FA mice at

the last day of the experiment, was diminished by rapamycin

(Fig. 2B).

To investigate the therapeutic effect of rapamycin, we

administered rapamycin with the therapeutic protocol to mice

that had already received oral OVA challenge six times without

the drug treatment (Fig. 3A). Their FA gradually decreased

A

B

Figure 2 Preventive administration of rapamycin reduced

increases in mouse mast cell protease (MMCP)-1 release and mast

cell number in the intestine upon intake of ovalbumin (OVA) in food

allergy mice. Serum MMCP-1 concentrations [A: control ‘Non’

group (n = 6), ‘OVA’ group (n = 24), and ‘OVA/Rapa’ group

(n = 20)], mast cells per high-power field in the small intestine [B:

control ‘Non’ group (n = 3), ‘OVA’ group (n = 12), and ‘OVA/Rapa’

group (n = 10)] in immunized (OVA) or nonimmunized (Non) mice

treated with 0.75 mg of rapamycin (Rapa) according to the protocol

shown in Fig. 1A. *P < 0.05 vs OVA group.
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Figure 3 Relief by therapeutic administration of rapamycin from

allergic diarrhea, anaphylactic symptoms, and hypothermia upon

subsequent antigen challenge in mice that had already developed

food allergy. With the protocol (A), diarrhea occurrence, diarrhea

score (B), anaphylactic response, anaphylactic score (C), and rectal

temperature (D) in the sixth to ninth challenge were monitored in

immunized (ovalbumin; OVA) mice treated with 0.75 mg of rapamy-

cin (Rapa). The numbers of mice in each group were as follows:

‘OVA’ group (n = 21) and ‘OVA/Rapa 0.75 mg’ group (n = 22).

*P < 0.05 vs OVA group.
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according to the number of rapamycin administrations

(Fig. 3A–C). By repeated rapamycin treatment, the MMCP-1

concentration in serum steadily decreased up to the ninth chal-

lenge in parallel with the symptoms of FA (Fig. 4A). Thera-

peutic administration of rapamycin lowered the IMC number

not only in villi but also in crypts of FA mice after the ninth

challenge compared to that in vehicle-treated mice (Fig. 4B).

Rapamycin could not inhibit PSA in vivo and degranulation

responses in vitro

Next, we tried to address the inhibitory mechanism of ra-

pamycin on FA by analyzing various mast cell functions

with PSA model and BMMC culture. Single rapamycin

administration at 24 h before challenge (Fig. 5A) could not

inhibit hypothermia (Fig. 5B) or the increase in MMCP-1

concentration in serum (Fig. 5C) with PSA. Consistent

with the absence of an effect of rapamycin on the

IgE-dependent acute mast cell responses in the in vivo

model, rapamycin pretreatment failed to affect IgE and

antigen-induced degranulation of BMMCs (Fig. 6A) (12).

Rapamycin blunted IgE-induced Th2 cytokine IL-13

production and spontaneous and IL-9-enhanced cell survival

of BMMCs

Th2 cytokine IL-13 release was increased dramatically within

hours and obviously decreased at 8 h after stimulation by ra-

A

B

Figure 4 Therapeutic administration of rapamycin recovered the

mice that had already developed food allergy from morbid oral anti-

gen–induced mouse mast cell protease (MMCP)-1 release and mast

cell hyperplasia in the intestine. Time course changes in serum

MMCP-1 concentrations [A: ‘ovalbumin (OVA)’ group (n = 21) and

‘OVA/Rapa’ group (n = 22)] from sixth to ninth challenge, mast cells

per high-power field in the small intestine after ninth challenge [B:

‘OVA’ group (n = 7) and ‘OVA/Rapa’ group (n = 8)] in immunized

(OVA) mice treated with 0.75 mg of rapamycin (Rapa) according to

the protocol shown in Fig. 3A. *P < 0.05 vs OVA group.

© 2012 John Wiley & Sons A/S

Attenuation of food allergy in mice by rapamycin Yamaki and Yoshino



pamycin pretreatment (Fig. 6B). Rapamycin induced the

reduction in the BMMC numbers in vitro (Fig. 6C) after

2 days’ culture. Rapamycin also suppressed the enhancement

of BMMC survival by exogenous IL-9 (Fig. 6C), which is an

essential cytokine for the increase in mast cells in the intestines

of FA mice (16). In addition, percentages of BMMCs with

sub-G1 DNA content were increased by rapamycin treatment

in both the presence and absence of IL-9 (Fig. 6D).

Immunoregulation by rapamycin in FA mice

Preventive treatment with rapamycin significantly decreased

Th2-dependent anti-OVA IgE, IgG1 levels, but did not sig-

nificantly reduce Th1-dependent anti-IgG2a levels in FA mice

(Fig. 7A). On the other hand, therapeutic administration sig-

nificantly but only moderately decreased the anti-OVA IgG1

level, while the levels of anti-IgE and anti-IgG2a were almost

unaffected by the treatment (Fig. 7C). All of Th1 cytokine

IFN-c, Th2 cytokine IL-4, and IL-13, Th9 cytokine IL-9,

regulatory T-cell type (Tr) 1 cytokine IL-10, and Th17 cyto-

kine IL-17 productions from OVA-restimulated spleen cells

were lowered by both preventive and therapeutic administra-

tion (Fig. 7B,D). Similar to the antibody production, a

greater effect of the drug on cytokine production was

obtained by preventive administration among the two proto-

cols. Interestingly, the inhibitory effect of rapamycin on regu-

latory cytokine IL-10 production was much weaker than that

on other cytokine productions in both protocols, especially

the preventive protocol (Fig. 7B,D).

Discussion

Both preventive and therapeutic administration of rapamycin

attenuated the symptoms of FA (Figs 1 and 3), promising that

mTOR inhibitors could be used for therapeutic treatment as

well as for prophylactic treatment. The parallel decrease in oral

antigen–induced MMCP-1 release from mast cells by the treat-

ments (Figs 2A and 4A) indicated that one of the primary tar-

get cells of rapamycin is mast cells. Because rapamycin could

not inhibit PSA (Fig. 5B) and the degranulation response of

BMMC induced by IgE and antigen (Fig. 6A), the reduction

in MMCP-1 release by rapamycin in FA mice should be medi-

ated by a mechanism other than the direct inhibition of acute

mast cell responses including degranulation machinery.

Rather, the inhibition of MMCP-1 release by rapamycin was

thought to be dependent on the decrease in IMC numbers in

FA mice (Figs 2B and 4B). Decreased number (Fig. 6C) (12)

and increased sub-G1 population (Fig. 6D) of BMMC in vitro

by rapamycin treatment strongly supported the notion that

direct promotion of cell death by rapamycin occurred in the

intestines of the mice. Surprisingly, although the importance of

mTOR on mast cells was clearly shown in in vitro studies (12),

only a few reports have indicated a role of mTOR in allergic

reactions in vivo, such as asthma (19). In the present study, we

suggested the contribution of mTOR in FA and the therapeu-

tic potential of mTOR inhibitors against this disease for the

first time. In addition, BMMC survival by IL-9, which predis-

poses toward IMC hyperplasia in mouse FA (16), was also

inhibited by the drug. Because IL-9 enhances the mast cell sur-

vival (20) and activates the PI3K–Akt axis located upstream of

mTOR (21), blunting of IL-9-dependent BMMC survival by

rapamycin might be mediated by the inhibition of mTOR.

These results indicated that rapamycin relieved FA via inhibi-

tion of IMC hyperplasia directly through the reduction in

mTOR activity. It should also be noted that rapamycin inhib-

ited IL-13 production of BMMC at 8 h after IgE-dependent

stimulation (Fig. 6B) without affecting acute responses includ-

ing degranulation at 20 min (Fig. 6A), suggesting an inhibi-

tory activity of the drug on IgE-dependent later mast cell

responses. Because IgE and antigen-induced FceRI aggrega-

tion induces mast cell survival (22), the direct inhibition of

IgE-dependent later mast cell responses by rapamycin might

also contribute to the reduction in mast cell survival. In addi-

tion, rapamycin strongly inhibited Th2 and Th9 cytokine pro-

duction from antigen-stimulated splenocytes (Fig. 7B,D) in

FA mice, while IL-4 (23) and IL-9 (Fig. 6C) (20) enhance mast

cell survival. These results suggested that the immunosuppres-

sive effect of rapamycin also seemed to contribute to the inhi-

bition of IMC hyperplasia in FA mice. Taken together, the

inhibition of IL-9–mast cell survival axis by rapamycin via

inhibiting mTOR is quite important for the attenuation of FA.

Bone marrow–derived mast cells share some characteristics

such as the expressions of FceRI and c-kit with mature mast

cells. Mouse mast cell protease-1 and MMCP-2 in both

BMMCs (24) and MMCs but not in connective tissue mast

A

B C

Figure 5 No inhibition of parenteral antigen-induced passive sys-

temic anaphylaxis by rapamycin administration. Mice were sensi-

tized by intravenous injection of 200 lg OE-3 and administered

vehicle or 0.75 mg of rapamycin (Rapa) (A). Passive systemic ana-

phylaxis was induced by intravenous injection of 1 mg ovalbumin

(OVA) and assessed by hypothermia [B: ‘Vehicle’ group (n = 14)

and ‘Rapa’ group (n = 14)] and mouse mast cell protease (MMCP)-

1 release [C: ‘Vehicle’ group (n = 14) and ‘Rapa’ group (n = 14)].

Similar results were obtained from two independent experiments.

© 2012 John Wiley & Sons A/S
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cells (CTMCs) (25, 26) indicated that BMMCs are biased to

differentiate into MMCs. In contrast, from histochemical

analysis using alcian blue and safranin, BMMCs were classi-

fied as immature MMCs (27). Thus, IL-3-generated BMMCs

are useful for the analysis of intestinal and other mast cell

functions in response to the various agents considering the

difficulty of isolation of mouse intestinal MMCs. However, it

should also be noted that the results obtained from in vitro

BMMC experiments may not necessarily accord with those

from in vivo MMCs and CTMCs. For example, the cell sur-

vival or proliferation of BMMCs in our and other’s experi-

ments (12) and mast cell lines LAD2, HMC-1.1, HMC-1.2

(12) were decreased by rapamycin. In contrast, the cell num-

bers of differentiated human mast cells from peripheral blood

A

C

B

D

Figure 6 IgE and antigen-induced degranulation and IL-13 produc-

tion, and IL-9-dependent survival of bone marrow–derived mast

cells (BMMCs) in response to rapamycin. FceRI-mediated b-hexosa-

minidase release of BMMCs in response to rapamycin (A). Inhibi-

tion of FceRI-mediated IL-13 release of BMMCs by rapamycin (B).

*P < 0.05 vs OE-3/ovalbumin (OVA) stimulation. Inhibition of spon-

taneous and IL-9-enhanced cell survival of BMMCs by rapamycin

(C). *P < 0.05 vs control. #P < 0.05 vs IL-9 alone. Bars show

mean + SEM of six cultures. Increase in sub-G1 population of

BMMCs in the presence or absence of IL-9 by rapamycin (D).

*P < 0.05 vs control. #P < 0.05 vs IL-9 alone. Bars show

mean + SEM of four to six cultures. Similar results were obtained

from 2 or more independent experiments.
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Figure 7 Increases in anti-ovalbumin (OVA) antibody level in serum

and cytokine production of splenocytes were attenuated by preven-

tive and therapeutic treatment of rapamycin in food allergy mice.

Serum OVA-specific IgG2a, IgE, IgG1 levels [preventive protocol

(A): control ‘Non’ group (n = 3), ‘OVA’ group (n = 10), and ‘OVA/

Rapa’ group (n = 10); therapeutic protocol (C): control ‘Non’ group

(n = 3), ‘OVA’ group (n = 21), and ‘OVA/Rapa’ group (n = 22)],

IFN-c, IL-4, IL-13, IL-9, IL-10, and IL-17 secretion of splenocytes

(preventive protocol (B): control ‘Non’ group (n = 3), ‘OVA’ group

(n = 12), and ‘OVA/Rapa’ group (n = 10); therapeutic protocol (D):

control ‘Non’ group (n = 3), ‘OVA’ group (n = 7), and ‘OVA/Rapa’

group (n = 8)] in immunized (OVA) or nonimmunized (Non) mice

treated with rapamycin (Rapa) according to the protocol shown in

Figs 1A and 3A. *P < 0.05 vs OVA group.

© 2012 John Wiley & Sons A/S
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progenitors were not affected by the drug treatment (28).

These facts indicated that the effects of rapamycin on cell

survival and proliferation might vary among the mast cells at

various stages of differentiation in vivo. In FA mice, rapamy-

cin may reduce the mast cell number in the intestine through

decreasing the cell survival and proliferation of mast cells at

some, but not all, stages of differentiation. Distinctions of

the cell functions are also observed among BMMCs,

CTMCs, and MMCs (29); especially, rapamycin should affect

the activation of BMMCs, CTMCs, and MMCs differently

because of the different roles of SHIP in those cells, which

modulates PI3K–Akt–mTOR cascade by hydrolyzing phos-

phatidylinositol-3,4,5-triphosphate (29).

While both mTOR1 and mTOR2 are inhibited by rapamy-

cin (30), mTOR2 is indispensable for Th2 differentiation (30).

Thus, the immunosuppressive effect on Th2 by rapamycin

should be mediated by mTOR2 inhibition and attenuate FA

(Figs 1 and 3) through the reduction in anti-OVA IgE and

IgG1 levels (Fig. 7A,C). Weaker inhibition of rapamycin on

Th1 responses than Th2 responses (Fig. 7A,C, IgG2a vs IgG1;

Fig. 7D. IFN-c vs IL-4) might indicate that the drug biases the

Th1/Th2 immune balance toward Th1 dominance, as observed

in humans receiving solid organ transplantation with rapamy-

cin treatment (31), and also contributes to the attenuation of

allergic responses. The inhibition of Th2 cytokine production

of mast cells by rapamycin described above (Fig. 6B) also

seemed to contribute to the immunosuppressive effect. In addi-

tion to Th1, Th2, and Th9, immunosuppressive effects of rapa-

mycin on Tr1 and Th17 were observed (Fig. 7B,D). Among

them, Th17, of which differentiation is dependent on mTOR1

(30), is considered to contribute to the development of FA.

Upregulations of IL-17 mRNA in intestinal tissues (32) and

IL-17 protein release from antigen-restimulated lymphocytes

(33) are observed in FA mice. FceRI gene knockout causes

both attenuation of allergic symptoms and IL-17 expression in

the intestines of FA mice (32). Although the detailed role of

IL-17 in FA remains to be elucidated, suppression of IL-17

production by rapamycin might be involved in the reduction in

FA in our model mice. It should be pointed out that the sup-

pressive effect of rapamycin on Tr1 cytokine IL-10 production

seemed to be weaker than that on other cytokines (Fig. 7B,D).

Consistent with our results, rapamycin promotes the emergence

of IL-10-secreting donor T cells in mice with lymphohemato-

poietic graft-versus-host response after donor-lymphocyte injec-

tion (34). These results indicated that one possible mechanism

of the immunosuppressive effect of rapamycin is the induction

of a higher ratio of IL-10 to other cytokine productions. In

fact, IL-10-generating Lactococcal lactis strain administered

into the gut prevents FA in mice (35).

In clinic, the immunosuppressant FK506-dependent FA is a

major concern after transplantation (36). Although the calci-

neurin inhibitors cyclosporine and FK506 (37) and mTOR

inhibitor rapamycin have been used for the suppression of

rejection reaction after transplantation, FK506 relatively fre-

quently induces sensitization to food allergens and causes FA

(38) by the modification of intestinal functions (39). In such

cases, substitution of another calcineurin inhibitor, cyclospor-

ine, for FK506 is almost the only way (40). Our present results

suggested that rapamycin might be a good substituent for

FK506 for transplant patients with FK506-induced FA,

because the drug targets mTOR other than calcineurin and is

considered to reduce rejection reactions and to relieve FK506-

induced FA. At least, for cyclosporine-intolerant patients with

FK506-induced FA, rapamycin could be a new choice. Unfor-

tunately, the supposed concentration in the serum of rapamy-

cin-administered mice in our present basic animal study

(1–5 lg/ml) (41) is about 50–250 times higher than the

therapeutic concentration used clinically for the prevention of

rejection in humans (about 10–15 ng/ml) (42), although rapa-

mycin at concentrations of 8–24 mg/kg is often used for the

analysis of the effects of the drug on various disease models of

mice (43, 44). However, the clinical concentration of rapamy-

cin for the prevention of transplant rejection may potentially

be effective for the suppression of FA in humans (45).

Although establishment of the appropriate application method

of rapamycin or other mTOR inhibitors to prevent side effects

will be needed before its use in clinical treatment for FA, our

present results indicating the essential role of mTOR in FA

progression and the therapeutic potential of rapamycin and

other mTOR inhibitors on FA offer important information for

the development of therapies for FA.

In conclusion, mTOR inhibitor rapamycin could inhibit

FA in mice via suppression of mast cell activation and sur-

vival and immune responses against the allergen. These

results also indicate the essential role of the mTOR pathway

in FA induction through the activation of mast cells and

immune functions. Rapamycin and other mTOR inhibitors

are potential preventive, therapeutic, and definitive treat-

ments for FA.
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