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Mast cells and IgE activation do not alter the development
of oral tolerance in a murine model

Matthew C. Tunis, BSc,a,d Wojciech Dawicki, PhD,a* Kaitlyn R. Carson, BSc,a Jun Wang, PhD,a,c,d,e

and Jean S. Marshall, PhDa,b,d Halifax, Nova Scotia, and Saskatoon, Saskatchewan, Canada
Background: In addition to their well-known role as potent
effector cells in patients with allergic disease, mast cells have
important immunomodulatory roles regulating tolerance in
allograft rejection models. The roles of mast cells in oral
tolerance development have not previously been examined.
Objective: We sought to evaluate the importance of mast cells,
IgE-mediated mast cell activation, and histamine receptor 1 or 2
blockade on oral tolerance development in mice.
Methods: Oral tolerance was assessed in 2 mast cell–deficient
murine strains (KitW-sh/W-sh and KitW/W-v mice) and control mice.
Mice were fed ovalbumin (OVA) or peanut butter for 1 week
and then immunized and boosted with relevant protein antigens.
Antibody responses were assessed by using ELISA. The oral
antihistamines pyrilamine and ranitidine were administered
during tolerance induction to OVA. IgE-mediated mast cell
activation was initiated during oral tolerance induction or OVA
immunization. OVA-specific regulatory T cells were assessed in
the Peyer patches, mesenteric lymph nodes, and spleens by
using flow cytometry after adoptive transfer.
Results: Oral tolerance was successfully induced to OVA and
peanut butter in mast cell–deficient mice. KitW-sh/W-sh mice had
higher proportions of antigen-specific regulatory T cells in the
mesenteric lymph nodes than mast cell–containing control mice.
However, mast cell reconstitution studies suggested this effect
was mast cell independent. Oral antihistamine treatments with
pyrilamine or ranitidine did not impair tolerance and neither
did IgE-mediated activation.
Conclusions: Mast cells are not necessary for the induction of
oral tolerance, and allergic activation of mast cells does not
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impair tolerance to OVA. Oral antihistamine treatments do not
disrupt the development of oral tolerance. (J Allergy Clin
Immunol 2012;nnn:nnn-nnn.)
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Oral immunotherapy is increasingly available as a treatment
option for food allergy, with clinical trials yielding encouraging
results.1,2 Although the complex immune mechanisms of oral im-
munotherapy are not completely understood, they are thought to
involve a variety of cell types from both the innate and adaptive
arms of the immune system, as well as structural cells, such as
the intestinal epithelium.3,4 The functions of many immune cells
can be modulated by mast cells.5-8 Because allergic disease in-
volves mast cell activation and mast cell mediator blockade is fre-
quently used in the context of oral immunotherapy, it is essential
to understand what role mast cells play in the development of oral
tolerance.

Mast cells are positioned close to the external environment and
serve as effector cells in patients with allergic disease and in
responses to pathogens.9 There is a growing body of work exam-
ining the interaction between mast cells, dendritic cells, and
T cells and how these relationships might alter immunity to for-
eign antigens.5,6,8,10,11 Despite their strategic location in the
oral mucosa and intestinal microenvironment, the role of mast
cells in oral tolerance has not been investigated. Mast cells can
activate T cells, with a bias toward expanding populations of reg-
ulatory T (Treg) cells in vitro.12 Moreover, mast cell–deficient
KitW-sh/W-sh mice have shown deficient Treg cell activity in an ex-
perimental autoimmune encephalomyelitis model of multiple
sclerosis.13 Similarly, it was recently shown in a skin transplant
model that mast cells are critical in extending the maintenance
of peripheral tolerance and allograft survival, most likely through
recruitment of Treg cells and the action ofmast cell proteases.14,15

It has also been demonstrated that mast cell–derived IL-10 can
limit inflammatory infiltrate to tissue sites in addition to inhibiting
germinal center formation.16-18 However, the presence of other
immune cell defects in both the KitW-sh/W-sh and KitW/W-v models
of mast cell deficiencymake interpretations of some of these stud-
ies problematic, and this issue has recently been highlighted by
studies of alternate mast cell deficiency murine models that ap-
pear to have normal immune and inflammatory responses in
models of multiple sclerosis and arthritis.19-21 Given this previous
body of work, investigations into whether mast cells regulate oral
tolerance are urgently required.

IgE-mediated mast cell degranulation has been reported to
break established peripheral tolerance in a murine tissue allograft
1
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FIG 1. Oral tolerance protocol. Schematic outline for the feeding and immu-

nizationscheduleofmice.Micewere immunizedandboostedwithOVAorCPE,

as detailed in theMethods section. Bloodwasharvested for antibody analysis,

or mice were challenged intraperitoneally with 10 mg of OVA or 1 mg of CPE.
model,22 and degranulation can enhance antibody responses to
both bacterial and viral antigens in the mast cell microenviron-
ment.23,24 Furthermore, mast cell degranulation products inter-
fere with the suppressive activity of natural Treg cells.25 Mast
cells are a major source of tissue histamine, which has multiple
immunoregulatory effects.26 Histamine can polarize the CD41

T-cell response toward a TH2 IL-4 phenotype through dendritic
cells27,28 and has been shown to modulate the recruitment of
both the CD81 subset of dendritic cells and plasmacytoid den-
dritic cells (pDCs) to the draining lymph nodes.5 Notably, the
pDC subset in the liver and other gut-associated lymphoid tissues
has been implicated in the induction of immunologic tolerance
through the oral route.29-31 Despite the known effects of histamine
on DCs, oral antihistamine treatment has not been directly inves-
tigated in amodel of oral tolerance. Themobilization and directed
trafficking of pDCs in response to mast cells suggests another
avenue by which mast cells can modulate oral tolerance.25

Taken together, current evidence suggests that mast cells and
their activation products have the potential to enhance immunity
to food antigens and compromise oral tolerance. In the present
study we sought to identify the immunologic outcomes of mast
cell deficiency, IgE-mediated mast cell activation, and antihista-
mine treatment on oral tolerance induction and antibody produc-
tion. The models of oral tolerance induction and mast cell
activation used here avoid the potentially confounding variables
of mast cell–mediated changes in intestinal permeability and
antigen access. Oral tolerance was characterized according to
several parameters, including antigen-specific serum IgE, which
is an important tool in determining food allergy potential in
clinical patients.32

To our knowledge, this report is the first examination of oral
tolerance in mast cell–deficient mice and assessment of the effect
of mast cell degranulation on oral tolerance induction.
METHODS

Mice
MaleC57BL/6J andWBB6F1/J-KitW/KitW-v (KitW/W-v)micewerepurchased

from JacksonLaboratories (BarHarbor,Me) andwere normally used between 6

and 8 weeks of age. Male KitW-sh/HNihrJaeBsmJ (KitW-sh/W-sh), B6.129P2-

Fcgr3tm1Sjv/SjvJ (FcgRIII2/2), and C57BL/6J mice were supplied by or bred

from stock obtained from Jackson Laboratories. B6.SJL-Ptprca Pepcb/BoyJ

(CD45.11) mice and B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-II1) mice were pur-

chased from JacksonLaboratories and crossed on sitewith forkhead box protein

3 (Foxp3) green fluorescent protein (GFP1)mice.KitW-sh/W-shmicewere recon-

stitutedwith cultured bonemarrow–derivedmast cells (BMMCs) fromC57BL/

6J mice by using intraperitoneal and intravenous injection of 43 106 and 23
106BMMCs, respectively, and used in experiments 12weeks later to allowmast
cells to mature in situ. Approval for all animal studies was granted by the Dal-

housie University Committee on Laboratory Animals.
Antibodies and reagents
Anti-mouse IgG1 and IgG2a antibodies were purchased from BioLegend

(San Diego, Calif). Anti-mouse IgE was purchased from eBioscience (San

Diego, Calif) and Southern Biotech (Birmingham, Ala). All other antibodies

were obtained from eBioscience. A murine mast cell protease (mMCP)

1 ELISA kit was purchased from eBioscience. Magnetic activated cell sorting

was performed with the CD41 T cell isolation kit II and CD62L (L-selectin)

microbeads fromMiltenyi Biotec, Inc (Auburn, Calif). Ranitidine, pyrilamine,

and ovalbumin (OVA) from chicken egg white were purchased from Sigma

(Oakville, Canada). Trinitrophenyl (TNP)–BSA was purchased from Bio-

search Technologies, Inc (Novato, Calif). Anti-TNP IgE was enriched from

TIB141 (ATCC, Manassas, Va) supernatant by means of ammonium sulfate

precipitation followed by HPLC. Crude peanut extract (CPE) was purchased

from Greer Technologies (Lenoir, NC).
Induction and assessment of OVA tolerance
Mice were provided 4 mg/mL OVA in drinking water ad libitum for 7 days,

whereas a control group was given normal drinking water (Fig 1). On day22;

all mice were returned to normal water. All groups were immunized on day 0

with 50 mg of alum-precipitated OVA in PBS, except where indicated. All

groups were boosted with soluble OVA (10 mg, except where indicated) in

PBS on day 14, and blood samples were taken by means of cardiac puncture

on day 21. In some experiments fecal samples were taken on day 21 and ho-

mogenized in PBS with 0.01% sodium azide. OVA-specific antibodies were

compared between tolerized mice and corresponding control groups to assess

a relative degree of tolerance induction. Significant tolerance induction in each

antibody compartment was defined by statistically significant reductions in

plasma OVA-specific antibody levels.
Induction and assessment of peanut tolerance
Mice were treated as detailed in Fig 1. One group of mice was fed peanut

butter ad libitum (Kraft ‘‘All Natural Peanut Butter,’’ DonMills, Canada) for 7

consecutive days, followed by 2 days of regular chow. A control groupwas fed

regular mouse chow devoid of peanut protein. Mice consumed an average of

1.86 0.07 g (SEM) of peanut butter per mouse per day, which is equivalent to

488 mg of peanut protein (n5 31). Micewere immunized with 10mg of CPE-

alum. All groups were boosted with 1 mg of CPE in 100 mL of PBS on day 14.

Blood samples were taken on day 21. The degree of peanut tolerance was as-

sessed by means of a relative comparison of peanut-specific antibodies be-

tween groups, as described for OVA tolerance induction.
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Antihistamine treatment
Mice were fed either pyrilamine (0.04 mg/mL) or ranitidine (0.04 mg/mL)

ad libitum in drinking water for 1 day before the initiation of tolerance induc-

tion. During the feeding stage of OVA tolerance induction,micewere provided

with pyrilamine or ranitidine mixed in OVA-water (4 mg/mL) to provide an

approximate oral dosing of 10mg/kg/d. After 2 days of normal drinkingwater,

mice were immunized and boosted with OVA, as described above.
Passive mast cell sensitization and activation
Mice were sensitized in vivo by means of intraperitoneal injection on day

29 with 4.4 mg of anti-TNP IgE in 100 mL of PBS. After oral treatment

with OVA or normal water, mice were injected intraperitoneally with

62.5 mg of TNP-BSA in PBS on day 0 concurrent with OVA immunization

to induce a subclinical mast cell activation event; control groups were injected

with BSA. Mice were later boosted with OVA in PBS on day 14.

In a second model designed to address the effects of mast cell activation

during oral tolerance induction, mice were sensitized with anti-TNP IgE on

days 216 and 27. TNP-BSA or control BSA was delivered by means of

intraperitoneal injection concurrentwith gavage feedingof 1mgofOVA in 100

mL of PBS on days29 and23 of OVA treatment. Mice were then immunized

with OVA-alum (10 mg) on day 0 and boosted with OVA (1 mg) on day 14.
Assessment of anaphylaxis in actively sensitized or

tolerized animals
Micewere challenged intraperitoneally with 10mg of OVA or 1 mg of CPE

in 100 mL of PBS, as indicated, on day 21 of treatment (Fig 1). Rectal temper-

ature was measured before and 10, 30, and 50 minutes after challenge. In mice

challenged with CPE, blood was collected 60 minutes after challenge, and

mMCP-1 levels were assessed in plasma by using ELISA as per the manufac-

turer’s protocol (eBioscience). Samples less than the limit of detection for

the assay were assigned a value of that limit based on the standard curve

(115.98 pg/mL) for the purposes of statistical analysis.
Assessment of passive IgE sensitization and

subanaphylactic activation
Wild-type C57BL/6 mice were sensitized intraperitoneally with 4.4 mg of

anti-TNP IgE. Seven days later, mice were challenged by means of intraper-

itoneal injection of 62.5 mg of TNP-BSA or BSA control. Blood was collected

after 60 minutes for mMCP-1 analysis in plasma by using ELISA. In other

experiments wild-type C57BL/6 mice were sensitized intraperitoneally with

4.4 mg of anti-TNP IgE. Control mice received PBS injections. Eight to 10

minutes after TNP-BSA activation, mice received 1 mg of 4S fluorescein

isothiocyanate–dextran intravenously. Blood and peritoneal lavage fluid were

harvested 10 minutes later. Fluorescein isothiocyanate–dextran influx into the

peritoneum was assessed by means of spectrofluorometry. Rectal temperature

was assessed before and 10, 30, and 50minutes after TNP-BSA administration.

Adoptive transfer and antigen-specific Treg cell

assessment
Spleens and peripheral lymph nodes were removed from OT-II/CD45.11/

Foxp3-GFP1 mice. Naive CD41/CD62L1 T cells were isolated by means

ofmagnetic activated cell sorting, as per themanufacturer’s protocol. Onemil-

lion naive CD41/CD62L1 cells were injected intravenously. One day later,

mice were provided with 4 mg/mL OVA ad libitum in drinking water; control

subjects received normal drinkingwater. After 7 days, the Peyer patches (PPs),

mesenteric lymph nodes (MLNs), and spleens were harvested. CD41/

CD45.11/Foxp3-GFP1 Treg cell counts as a percentage of total CD41/

CD45.11 T cells were determined by using flow cytometry.

Evaluation of reconstitution with BMMCs
The efficacy of peritoneal reconstitution was assessed with flow cytom-

etry for CD1171/SSChigh cells in a 4-mL PBS lavage of the peritoneum. All
peritoneal cavities were successfully reconstituted, yielding an average of

9.18% 6 1.54% (SEM) CD1171/SSChigh mast cells. Wild-type C57BL/6

peritoneal cavities contained 2.62% 6 0.25% mast cells, and KitW-sh/W-sh

mice contained 0.07% 6 0.02% mast cells. Evaluation of reconstitution of

jejunal tissues was performed by means of evaluation of mMCP-1 content,

although previous studies have suggested very few mast cells at this site.33

Briefly, jejunal tissue was sonicated in 20 mL of PBS per gram of wet tissue.

The mMCP-1 ELISA was performed on supernatants. Wild-type C57BL/6

jejunum contained a mean 1215 6 586.3 ng (SEM) of mMCP-1 per gram

of tissue. KitW-sh/W-sh and reconstituted KitW-sh/W-sh jejunum contained

86.36 6 17.79 and 37.08 6 5.72 ng of mMCP-1 per gram of tissue,

respectively.
Antigen-specific antibody ELISA
OVA-specific and peanut-specific antibodies were measured by using an

antigen-binding ELISA assay. Plates were coated with anti-mouse IgE, IgG1,

IgG2a, or IgA in 0.2 mol/L borate-buffered saline (pH 8.3). After washing,

plates were blocked for 1 hour at room temperature in PBS with 2% BSA.

Plasma or fecal samples were serially diluted in PBS with 0.2% BSA and

0.005%Tween-20 and then added to the plates and incubated at 48C overnight.

Plates were washed, and biotinylated OVA or CPE was added to the wells.

Streptavidin–alkaline phosphatase and a commercial ELISA amplification

system (Invitrogen, Carlsbad, Calif) were used to detect the bound biotiny-

lated antigen. A standard positive serum sample was used on all plates.

OVA-specific IgG1 and IgG2a antibody levels were determined based on titer

threshold. To assess titers, the dilution curve of each sample was log trans-

formed, and the point of intersection with a titer threshold was reported as

the inverse log value. OVA-specific and peanut-specific IgE and IgA levels

and peanut-specific IgG1 and IgG2a levels were compared based on OD.

OVA-specific IgE standard samples were compared with a commercial

OVA-specific IgE standard (Chondrex, Inc, Redmond, Wash) and reported

as nanograms per milliliter based on that standard.
Statistical analysis
Statistical analysis was performed with GraphPad Prism 4.0a software

(GraphPad Software, Inc, La Jolla, Calif). Flow cytometric analysis was

performed with FCS Express 3 software (De Novo Software, Los Angeles,

Calif). All datasets were tested for normality. Where not normally distrib-

uted, comparisons between 2 groups were made by using the Mann-Whitney

test or between multiple groups by using Kruskal-Wallis nonparametric

analysis followed by the Dunn multiple comparison test. IgG1 and IgG2a ti-

ters were expressed as medians with interquartile ranges. Where normally

distributed, mean nanograms per milliliter or ODs for IgE and IgA were

compared between 2 groups by using the Student t test or between multiple

groups by using 1-way ANOVA followed by the Dunnett multiple compar-

ison test. Where variances were unequal, the Welch correction was applied

to t tests. IgE and IgA levels were expressed as means 6 SEMs. All exper-

iments were performed in a minimum of 2 separate trials, and results were

pooled for analysis.
RESULTS

Mast cell–deficient mice have normal IgE, IgG1, and

IgG2a antibody responses after OVA-alum

immunization
Mast cell–containing (wild-type C57BL/6) or mast cell–

deficient (KitW-sh/W-sh) mice were sensitized to OVA (Fig 1) to
assess whether the presence or absence of mast cells altered
the normal antibody response to an intraperitoneal immuniza-
tion. There were no significant differences observed between
the OVA-specific IgE (P 5 .16), IgG1 (P 5 .0503), or IgG2a

(P 5 .07) antibody responses of C57BL/6 and KitW-sh/W-sh

mice (Table I).



TABLE I. IgE, IgG1, or IgG2a antibody responses to peritoneal

immunization are unchanged in mast cell–deficient mice: anti-

OVA antibody levels in plasma of sensitized mice 1 week after

boost

IgE IgG1 IgG2a

C57BL/6 control mice 20.14 6 3.41 4.81 (0.01-5.71) 3.28 (0.01-4.39)

KitW-sh/W-sh control mice 28.74 6 4.11 5.53 (3.70-5.71) 3.77 (3.39-4.83)

Antibody levels of OVA-immunized and boosted control mice are expressed as mean

6 SEM nanograms per milliliter for IgE or median 2log titers with interquartile

ranges for IgG1 and IgG2a. C57BL/6 antibody responses were compared with those of

KitW-sh/W-sh mice by using t or Mann-Whitney tests: no significant differences were

observed (n 5 8-20).
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Mast cells are not required for oral tolerance

induction
Wild-type C57BL/6 and KitW-sh/W-shmice were tolerized orally

to OVA (Fig 1) or providedwith normal drinkingwater. After later
intraperitoneal sensitization and boost, OVA-specific IgE levels
were significantly reduced in tolerized KitW-sh/W-sh mice (P <
.001) and in wild-type mice (P <.001, Fig 2) compared with those
seen in control mice. Tolerized KitW-sh/W-sh mice were also found
to have significantly lower OVA-specific IgG1 and IgG2a levels
than KitW-sh/W-sh control mice (P < .01 and P < .01, respectively).
Plasma OVA-specific IgA levels were significantly reduced
after tolerance induction to OVA in both C57BL/6 wild-type
and KitW-sh/W-sh mice (P < .05 and P < .05, respectively; Fig 3,
A). Secreted fecal OVA-specific IgA levels were also significantly
reduced in tolerized KitW-sh/W-shmice (P <.05; Fig 3, B). Oral tol-
erance was therefore readily induced in mast cell–deficient mice.

By employing antibody responses as a readout, the degree of
tolerancewas comparedbetweenwild-typeandmast cell–deficient
mice.OVA-specific IgE levels after sensitizationwere significantly
lower in tolerized mast cell–deficient KitW-sh/W-sh mice than in
tolerized wild-type mice (P < .05, Table II). In contrast, OVA-
specific IgG1, IgG2a, or IgA levels were not significantly different
between tolerized mast–cell containing and mast cell–deficient
mice (P 5 .24, P 5 .55, and P 5 .92, respectively; Table II). Al-
though KitW-sh/W-sh mice are understood to have few abnormali-
ties,33 some have been described.34 To further evaluate the role
of mast cells in oral tolerance, we therefore repeated these studies
with a second strain of mast cell–deficient mice:KitW/W-vmice and
their wild-type WBB6F1 control mice.35 Oral tolerance was in-
duced in both the WBB6F1 control mice and the KitW/W-v mice,
as indicated by suppression of the IgE antibody response to OVA
immunization and boost (P < .001 and P < .01, respectively;
Fig 2, B). Notably, IgE levels in tolerized KitW/W-v mice were in-
creased but not statistically different from those in tolerized
WBB6F1 control mice (P 5 .06, Table II). OVA-specific IgG2a

levels were also significantly suppressed in KitW/W-v mice after
OVA feeding (P < .01), but IgG1 responses were not changed in
mast cell–containing or mast cell–deficient mice (P 5 .28 and
P 5 .46, respectively; Fig 2, B). OVA-specific IgA plasma
responses were significantly reduced in both KitW/W-v and
WBB6F1 control mice when tolerized (P < .001 and P < .01, re-
spectively; Fig 3, C).

Oral tolerance to peanut was assessed as a model of a complex
relevant food allergen. C57BL/6 and KitW-sh/W-sh mice were fed
peanut butter ad libitum for 1 week, whereas control mice from
both strains were fed regular chow. Mice were immunized and
boosted with CPE-alum and CPE, respectively (Fig 1). Peanut-
specific IgE levels were significantly reduced in both peanut but-
ter–fed groups (P < .001 and P < .05, respectively; Fig 2, C).
Peanut-specific IgG1 and IgG2a levels were significantly reduced
in C57BL/6 mice tolerized with peanut butter compared with
those seen in untreated control mice (P < .01 and P < .05, respec-
tively), but significant suppression of the IgG2a antibody response
was not observed in KitW-sh/W-shmice (P5 .11; Fig 2, C). IgG1 re-
sponses to peanut were too low to compare in KitW-sh/W-sh mice.
Peanut-specific IgA responses were significantly reduced in pea-
nut butter–fed compared with control KitW-sh/W-sh mice (P < .05;
Fig 3, D).

Taken together, these results demonstrate that oral tolerance
can be reliably induced in the absence of mast cells, as confirmed
in 2 different mast cell–deficient strains of mice and in 2 different
allergenic food models. Oral tolerance induction to OVA was
enhanced in 1 strain of mast cell–deficient mice (KitW-sh/W-sh) but
not in another (KitW/W-v).
Physiologically relevant oral tolerance is induced by

OVA or peanut butter feeding
In mice, IgG antibodies can be a major contributor to anaphy-

laxis.36,37 To assess the protective role of oral tolerance in our
model, we used the FcgRIII-deficient mice to isolate the IgE-
dependent anaphylactic response to OVA and better model ana-
phylaxis in human disease. After oral tolerance induction to
OVA (Fig 1), mice were challenged intraperitoneally with soluble
OVA. The OVA-tolerized FcgRIII2/2 mice were protected from
temperature loss 30 and 50 minutes after challenge compared
with the FcgRIII2/2 sensitized mice (P < .01 and P < .01, respec-
tively), indicating a physiologically relevant degree of tolerance
induction using this protocol (Fig 4, A). Tolerized mice from
both the FcgRIII2/2 and C57BL/6 strains had similar
OVA-specific IgE levels (C57BL/6 mice, 4.8 6 1.1 ng/mL;
FcgRIII2/2 mice, 3.5 6 1.0 ng/mL), as did sensitized mice
(C57BL/6 mice, 20.1 6 3.4 ng/mL; FcgRIII2/2 mice, 19.1 6
3.9 ng/mL; n 5 15-20). To assess protective tolerance to peanut,
wild-type C57BL/6 mice were challenged intraperitoneally with
soluble CPE after tolerance induction to peanut butter (Fig 1),
and anaphylactic responses were compared with those of control
sensitized C57BL/6 mice. The peanut-tolerized mice were pro-
tected from temperature loss 10, 30, and 50 minutes after chal-
lenge (P < .05, P < .001, and P < .001, respectively), indicating
physiologically relevant tolerance to peanut butter (Fig 4, B).
mMCP-1 levels were measured in plasma 60minutes after peanut
challenge to confirm the involvement of mast cells in peanut-
induced anaphylaxis. Peanut butter–tolerized mice had signifi-
cantly lower levels of circulating mMCP-1 after peanut challenge
(1.53 6 1.17 ng/mL [SEM]) than control peanut-sensitized mice
(9.17 6 2.22 ng/mL [SEM], P < .001, n 5 9-10).
Antigen-specific Treg cells are enhanced in

KitW-sh/W-sh MLNs after oral tolerance induction to

OVA through a mast cell–independent mechanism
The development of antigen-specific Treg cells was assessed in

the PPs, MLNs, and spleen to further investigate the mechanisms
by which oral tolerance to OVA was more efficiently induced in
KitW-sh/W-sh mice. Mice received 1 3 106 naive OT-II cells by
means of intravenous adoptive transfer and were provided with
OVA-containing or control (OVA-free) drinking water for



FIG 2. Mast cells are not required for oral tolerance induction. A, OVA-specific antibody levels were com-

pared between OVA-fed sensitized mice (tol) and control sensitized mice (cont) in C57BL/6 or KitW-sh/W-sh

mast cell–deficient mice to determine relative oral tolerance induction. Bars represent mean 6 SEM IgE

levels or median IgG1 and IgG2a levels with interquartile ranges. B, OVA-specific antibody levels were com-

pared between control and tolerized KitW/W-v mice and control WBB6F1 littermates. C, Anti-peanut antibody

levels were compared between peanut butter–fed sensitized mice (tol) and control sensitized mice (cont)
from C57BL/6 or KitW-sh/W-sh mice. Bars represent mean 6 SEM IgE, IgG1, or IgG2a ODs. *P < .05, **P <

.01, and ***P < .001. n.s., Not significant.
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7 days. Lymph nodes and spleens were harvested and analyzed for
OT-II Treg cells by using flow cytometry on the seventh day of
treatment through analysis of both the overall numbers of OT-II
cells and the number of GFP1 Foxp3-expressing OT-II cells.
Both C57BL/6 and KitW-sh/W-shmice revealed significantly higher
levels of OT-II Treg cells as a percentage of total OT-II CD41

cells in the MLNs after oral OVA treatment (P < .05 and P <
.001, respectively; Fig 5, A and B). The MLNs of mast cell–defi-
cient KitW-sh/W-sh mice contained approximately twice as many
OT-II Treg cells as a proportion of the total CD41 OT-II cells
when compared with those of control tolerized mice (P < .001;
Fig 5, B). However, when a similar experiment was performed
with KitW-sh/W-sh mice systemically reconstituted with BMMCs,
the OT-II Treg cell response to oral tolerance induction did not re-
turn towild-type C57BL/6 levels (Fig 5,C). This indicates that the
enhanced tolerance response by Treg cells was not mast cell de-
pendent. Importantly, both KitW-sh/W-sh and C57BL/6 mice
showed increased OT-II Treg cell numbers in the spleen after
oral OVA treatment, demonstrating the induction of oral tolerance
in both strains at the systemic level (Fig 5, B).

Interestingly, tolerizedKitW-sh/W-shmice contained, on average,
26% more total CD41 T cells in the PPs than tolerized C57BL/6
control mice (P < .05; Fig 5, C). This difference in CD41 levels
was not observed in either the MLNs or spleen and was not spe-
cific to OT-II T cells (data not shown). When KitW-sh/W-sh mice
were systemically reconstituted with BMMCs, the CD41 com-
partment of the PPs returned to wild-type levels (Fig 5, C). This
highlights a previously undescribedmast cell–dependent suppres-
sion of CD41 T-cell populations in the PPs. OVA treatment did
not result in selected enhancement of OT-II Treg cells (Fig 5,
D) in wild-type mice at this site. Instead, the PPs in tolerized
mice revealed higher total OT-II CD41 T-cell populations
with Foxp31 expression (C57BL/6 mice, P < .05; KitW-sh/W-sh

mice, P < .001) or Foxp32 expression (C57BL/6 mice, P <
.001; KitW-sh/W-sh mice, P < .01; Fig 5, D). This supports a frame-
work of tolerance inductionwherein the PPs serve as an initial site
of antigen recognition and T-cell activation, whereas the MLNs
are a site of robust antigen-specific Treg cell expansion and im-
munologic tolerance.
IgE-mediated activation of mast cells does not

impede the maintenance of oral tolerance to OVA
IgE-mediated mast cell activation by food antigen in a murine

model of food allergy induced the production of the antibody-
promoting cytokines IL-4, IL-13, IL-6, and proinflammatory
IL-17.38 Furthermore, it has been shown that IgE-mediated mast
cell activation can impair the maintenance of peripheral tolerance
in amurine allograftmodel.22We sought to examinewhether a sim-
ilar tolerance disruption would be observed in the case of estab-
lished oral tolerance to OVA using mice passively sensitized with
anti-TNP IgE antibody. Fluorescein isothiocyanate (FITC)–dextran
influx into the peritoneum was assessed 15 to 20 minutes after
activation in 2 separate groups of mice to confirm effective



FIG 3. IgA tolerance is intact in the absence of mast cells.A,Mice were trea-

ted with OVA-containing drinking water (tol) or normal water (cont) for

1 week and then immunized and boosted with OVA, as detailed in Fig 1,

A. OVA-specific IgA antibody levels in plasma were compared between to-

lerized and control KitW-sh/W-sh or C57BL/6 mice 1 week after boost. Bars rep-
resent mean 6 SEM IgA responses. B, Fecal samples were assessed for

OVA-specific IgA in tolerized and control mice. C, OVA-specific IgA levels

were compared in plasma of tolerized or control mice 1 week after OVA

boost in KitW/W-v mice and WBB6F1 littermates. D, Mice were fed peanut

butter (tol) or normal chow (cont) for 1 week and then immunized and

boosted with CPE, as detailed in Fig 1, A. Peanut-specific IgA (mean 6
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IgE-mediated mast cell activation in the peritoneum. IgE-mediated
activation resulted in an average 31% increase of FITC-dextran in-
flux into the peritoneum compared with that seen in unactivated
control mice (P < .05, n5 9-10, data not shown).

IgE-mediated mast cell activation was also confirmed bymeans
of ELISA for the mast cell–specific protease mMCP-1 in blood
60 minutes after activation. Sensitized mice challenged intraper-
itoneallywithTNP-BSAshowedaverage systemicmMCP-1 levels
of 364.6 6 91.09 pg/mL, which were significantly increased
compared with those in sensitized mice injected with a BSA
control (147.5626.31 pg/mL [SEM],P<.05, n59-10).This level
of systemic mast cell activation did not induce systemic anaphy-
laxis, as assessed based on rectal temperature 50 minutes after
TNP-BSA delivery (data not shown). Wild-type C57BL/6 mice
were sensitized intraperitoneally with anti-TNP IgE to examine
the outcome of IgE-mediated mast cell activation on the mainte-
nance of oral tolerance. After 1 week of OVA tolerance induction
treatment, TNP-BSA was delivered intraperitoneally to activate
mast cells concurrent with OVA-alum immunization in one group
of tolerized mice. A control group of tolerized mice received BSA
instead of TNP-BSA. Tolerized groups were compared with sensi-
tized control mice injected intraperitoneally with BSA during the
OVA-alum immunization. The OVA-specific IgE levels of both
OVA-tolerized groups were significantly lower than the levels of
controlOVA-sensitizedmice regardless of IgE-mediated activation.
Therefore themaintenance of oral tolerancewas not impaired in the
IgE compartment despite mast cell activation (P < .01; Fig 6, A).

Similarly, suppression of the OVA-specific IgA response was
sustained in both tolerized groups (P < .01 and P < .05; see Table
E1 in this article’s Online Repository at www.jacionline.org). Tol-
erance was not induced in the IgG1 compartment for wild-type
C57BL/6 mice (P 5 .07, see Table E1). Interestingly, OVA-
specific IgG2a levels were significantly lower in tolerized mice
than in OVA-sensitized mice (P < .05) but not when IgE-
mediated activation was applied to the tolerized mice (see Table
E1). Levels of OVA-specific IgG2a remained significantly lower
in tolerized mast cell–deficient KitW-sh/W-sh mice when compared
with those in sensitized KitW-sh/W-sh control mice in the presence
of TNP-BSA activation of IgE (P < .01, see Table E1).
IgE-mediated activation of mast cells does not alter

antibody responses during oral tolerance induction

to OVA
The effect of allergic activation of mast cells on oral tolerance

induction toOVAwas also assessed.Wild-typeC57BL/6micewere
passively sensitized intraperitoneally with anti-TNP IgE. In one
group of such mice, TNP-BSA was delivered intraperitoneally
twice during 1 week of OVA feeding concurrent with OVA
treatment by gavage, whereas a control group of animals received
BSA intraperitoneally inplaceofTNP-BSA.Micewere immunized
and boosted as described in Fig 1. Both tolerized groups produced
meanOVA-specific IgE levels more than 60% lower than in the un-
treated sensitized control mice, although differences were not sig-
nificant when compared by using ANOVA (P 5 .056; Fig 6, B).
OVA-specific IgA, IgG1, and IgG2a levels were not significantly
=

SEM) levels were compared between the plasma of tolerized or control

mice 1 week after CPE boost in the KitW-sh/W-sh and C57BL/6 groups. *P <

.05, **P < .01, and ***P < .001. n.s., Not significant.

http://www.jacionline.org


TABLE II. Comparison of oral tolerance induction between murine strains and effect of oral antihistamine treatment: anti-OVA antibody

levels in plasma 1 week after boost

IgE IgA IgG1 IgG2a

A. Comparison between tolerized C57BL/6 and KitW-sh/W-sh mice (n 5 8-20)

C57BL/6 (tolerized) 4.81 6 1.12 0.053 6 0.014 4.77 (0.01-5.31) 2.15 (0.01-4.61)

KitW-sh/W-sh (tolerized) 1.47 6 0.56* 0.105 6 0.081 4.35 (2.65-5.30) 2.54 (0.01-4.01)

B. Comparison between tolerized WBB6F1 and KitW/W-v mice (n 5 7-8)

WBB6 (tolerized) 13.79 6 4.26 0.093 6 0.057 4.965 (3.95-5.52) 0.01 (0.01-4.21)

KitW/W-v (tolerized) 24.07 6 2.68 0.095 6 0.027 5.612 (0.01-5.92) 2.00 (0.01-4.01)

C. Comparison between tolerized and antihistamine-treated tolerized groups (n 5 10-20)

C57BL/6 (tolerized) 4.81 6 1.12 0.053 6 0.014 4.77 (0.01-5.31) 2.15 (0.01-4.61)

C57BL/6 (tolerized)

pyrilamine treated

3.87 6 1.12 0.057 6 0.012 4.30 (4.01-5.46) 1.79 (0.01-3.27)

C57BL/6 (tolerized)

ranitidine treated

2.95 6 0.74 0.066 6 0.026 4.33 (0.01-5.46) 1.91 (0.01-3.83)

Antibody levels are expressed as mean 6 SEM nanograms per milliliter (IgE), mean 6 SEM ODs (IgA), or median 2log titers with interquartile ranges (IgG1 and IgG2a). Groups

were compared by using t or Mann-Whitney tests in A and B. Antihistamine-treated groups were compared with untreated control groups by using ANOVA with the Dunnett

posttest (IgE and IgA) or the Kruskal-Wallis test with the Dunn posttest (IgG1 and IgG2a). Values in boldface indicate 40% or greater antibody reduction compared with the

corresponding control group.

*P < .05.
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FIG 4. Physiologically relevant oral tolerance is induced by OVA or peanut

butter feeding. Mean core temperature was measured before and 10, 30,

and 50 minutes after systemic antigen challenge to assess the effect of oral

tolerance on anaphylaxis.A, FcgRIII2/2 mice were challenged intraperitone-

ally with OVA. B, C57BL/6 mice were challenged intraperitoneally with CPE.

Average temperatures were compared between groups at each time point

by using t tests. Mean 6 SEM temperatures are displayed. *P < .05, **P <

.01, ***P < .001. n.s., Not significant.
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different between control and tolerized mice when analyzed by us-
ing ANOVA (IgA, P5 .08) or Kruskall-Wallis analysis (IgG1, P5
.13; IgG2a, P5 .41; see Table E1).
Oral antihistamine treatment has no effect on oral

tolerance induction
Histamine is an important product of mast cell degranulation

and can contribute to adverse anaphylactic reactions to oral
immunotherapy. We investigated whether histamine, acting
through HRH1 or HRH2, might alter oral tolerance induction.
Groups of wild-type C57BL/6 mice were orally pretreated with
the HRH1 antagonist pyrilamine or the HRH2 antagonist raniti-
dine in drinking water for 1 day before and throughout a 1-week
period of tolerance induction to OVA. Neither antihistamine
treatment resulted in significant changes to OVA-specific anti-
body levels in tolerized wild-type mice when compared with
levels in untreated tolerized mice for IgE, IgA, IgG1, and IgG2a

(Table II).
DISCUSSION
The findings of this study demonstrate that mast cells are not

required for the induction of oral tolerance in 2 strains of mice and
in 2 model antigen systems. To our knowledge, this is the first
study to directly investigate the role of mast cells in oral tolerance
induction. We also observed that there were no substantial effects
of oral antihistamine treatment or IgE-mediated mast cell activa-
tion on oral tolerance development, as evaluated based on the
plasma IgE responses to OVA. In addition to these major findings,
our studies revealed evidence for mast cell–mediated modulation
of the IgG subclass response in the context of oral tolerance
to OVA.We also observed enhanced Treg cell generation and oral
tolerance responses in a commonly used model of mast cell–
deficient mice.

In contrast to these findings, experiments with skin graft
models have demonstrated that mast cells are essential for
peripheral tolerance to an allograft.14,15 These studies investi-
gated the maintenance of established graft tolerance but did not
address the role of mast cells in the induction phase of tolerance.
Differences in mast cell protease expression could provide a fur-
ther reason for the divergent findings of these models. Tolerance
in graft models was found to be dependent on mMCP-6,14 but
mMCP-6 is not produced by mucosal mast cells, which are the
most likely mast cell subset to be involved in regulating oral
tolerance.39

There are a number of murine models available to assess
the role of mast cells in disease processes. We used 2 of the
best characterized and most widely studied models: KitW/W-v and



FIG 5. OT-II Treg cells are enhanced in the KitW-sh/W-sh MLNs after oral tolerance induction to OVA through a

mast cell–independent mechanism. Naive OT-II T cells (1 3 106) were adoptively transferred to C57BL/6,

KitW-sh/W-sh, or mast cell–reconstituted (KitW-sh/W-sh recon) mice. Animals were treated with OVA-

containing drinking water for 7 days, and the development of Treg cells (Foxp31) was compared with

that seen in untreated control mice. A, Representative plots of CD45.11/CD41/Foxp31 (OT-II Treg cells) cells

as a percentage of OT-II CD41 cells recovered from the MLNs of tolerized or untreated KitW-sh/W-sh mice. B,

Transferred OT-II Treg cells recovered from the MLNs and spleen were compared between OVA-tolerized

and untreated C57BL/6 or KitW-sh/W-sh mice. C, Tolerized C57BL/6, KitW-sh/W-sh, and KitW-sh/W-sh recon mice

were compared by using analysis of OT-II Treg cells as a percentage of OT-II CD41 T cells recovered from

the MLNs or analysis of CD41 T cells as a percentage of live cells recovered from the PPs. D, Transferred

cells were compared in tolerized and untreated C57BL/6 and KitW-sh/W-sh PPs. *P < .05, **P < .01, and

***P < .001. n.s., Not significant.
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KitW-sh/W-sh.33,35,40,41 Although these mice come from distinct ge-
netic backgrounds, the lack of mast cells did not impede oral tol-
erance development in either case. To the contrary, on feeding
OVA, KitW-sh/W-sh mice exhibited enhanced tolerance in the IgE
class and a higher proportion of OVA-specific Treg cells in the
MLNs compared with those seen in wild-type control mice. These
changes in MLN Treg cell numbers were not eliminated by sys-
temic reconstitution of KitW-sh/W-sh mice with wild-type mast
cells. Furthermore, KitW/W-vmast cell–deficient mice experienced
successful tolerance but did not show enhanced humoral tolerance
compared with matched mast cell–containing animals. These
findings suggest that a mast cell–independent feature of the
KitW-sh/W-shmice enhances the induction, expansion, or migration
of Treg cells in the MLNs and the development of oral tolerance.

It has been observed thatKitW-sh/W-shmice have altered crypt ar-
chitecture in the jejunum, resulting in reduced intestinal permea-
bility and antigen transit compared with that seen in C57BL/6
control animals.42 However, unlike the enhanced tolerance induc-
tion in KitW-sh/W-sh mice, these changes were eliminated by mast
cell reconstitution, and therefore they are not likely responsible
for the observed differences in oral tolerance.

It is possible that the observed differences in oral tolerance to
OVA betweenKitW-sh/W-sh and C57BL/6 mice are a product of dif-
ferences in intestinal motility or antigen access resulting from
deficiency in the interstitial cells of Cajal.33 We observed that
5- to 8-week-old KitW-sh/W-sh mice consumed, on average, 26%
more water than C57BL/6 control mice (n 5 8 measurements
from 2 cages per strain; P <.01, data not shown). However, further
experiments showed that tolerance induced with 2, 4, or 8 mg/mL
OVAprovided ad libitum to C57BL/6mice resulted in similar OT-
II Treg cell levels in the MLNs (6.60% 6 0.39%, 8.45% 6
1.64%, and 10.94% 6 0.78% of OT-II CD41 cells, respectively;
n5 5 from 2 pooled experiments). This suggests that the dramatic
differences between KitW-sh/W-sh and C57BL/6 mice were not due
to differences in antigen dosage. Excellent intestinal and immu-
nologic comparisons were made between the KitW-sh/W-sh,
KitW/W-v, and wild-type control mice early in the development
of the KitW-sh/W-sh model of mast cell deficiency.33 However, a
more comprehensive comparison of the distribution and pheno-
type of dendritic cell and T-cell subsets between these strains
could yield valuable information on possible mechanisms of tol-
erance enhancement. Specifically, interstrain comparisons of the
PPs, MSNs, and lamina propria might identify important differ-
ences that could present therapeutic targets for enhancing oral
tolerance in affected patients.

Notably, since the initial description of thesemast cell–deficient
mice, a number of cell subsets have been described with
c-kit expression that might have immunoregulatory roles. These
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FIG 6. Oral tolerance to OVA in the context of IgE-mediated mast cell

activation. A, Mice were sensitized with anti-TNP IgE before treatment with

OVA-containing drinking water (tol) or normal water (cont). TNP-BSA or

control BSA was delivered by means of intraperitoneal injection during

OVA-alum immunization. OVA-specific IgE levels (means 6 SEMs) were

compared between groups by using ANOVA with the Dunnett multiple

comparison test. **P < .01. B,Mice were sensitized with anti-TNP IgE before

treatment with OVA-containing drinking water (tol) or normal water (cont).
TNP-BSA or control BSA was delivered by means of intraperitoneal injec-

tion during gavage treatment with OVA. n.s., Not significant.
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include several subsets of recently characterized innate lymphoid
cells,43 the multipotent progenitor type 2 cells,44 and the
B220lowCD192 regulatory cell population identified in the nasal
associated lymphoid tissue.45 These require further examination
in the context of c-kit–related mast cell deficiency models.

In our studies oral tolerance to OVA was assessed by OVA-
specific antibody levels and OVA-specific Treg cells but also by
anaphylaxis in response to OVA challenge in FcgRIII2/2 mice. It
has been well documented that basophils, macrophages, or both
can bind IgG antibodies and cause IgG-mediated anaphylaxis in
wild-type mice.36,46 We therefore used the FcgRIII2/2 mice to
eliminate the contribution of IgG-mediated anaphylaxis in tolerized
mice that is not known to occur in human subjects, allowing us to
assess the physiologic relevanceofOVA-specific IgE levels in toler-
ized C57BL/6 and KitW-sh/W-sh mice with comparable IgE levels.
IgG-mediated anaphylaxis could occur in tolerized C57BL/6 or
KitW-sh/W-sh mice,47 but this would not reflect the significance of
IgE levels and might have limited relevance to human allergic dis-
ease and the important role of mast cells in human anaphylaxis.48

Patients with food allergy often respond to multiple allergens
and might have other allergic disorders. It is therefore important
to understand to what extent allergic mast cell activation can
modify oral tolerance development. Studies performed in a
skin graft rejection model have demonstrated that mast cell
degranulation is sufficient to break peripheral tolerance and
accelerate graft rejection.22 Systemic IgE-mediated activation
during a peritoneal allergen challenge did not break established
oral tolerance to OVA in the IgE class (Fig 6, A). This demon-
strates that oral tolerance can be resilient to the immunomodula-
tory events that accompany IgE-mediated activation. However, it
remains possible that in a model of oral tolerance to a potent com-
plex allergen, such as peanut, there is the potential for IgE activa-
tion to weaken tolerance. Peanut is known to have additional
immunogenic and inflammatory properties, such as spontaneous
complement activation, that could amplify the specific immuno-
logic effects of IgE-mediated activation during a peanut chal-
lenge.49,50 Additionally, in a food allergy setting local mast cell
degranulation could increase intestinal permeability; this physio-
logic change might interfere more directly with tolerance to food
antigens.51 Although OVA-specific IgE responses were not al-
tered in our model of IgE-mediated activation, the OVA-specific
IgG2a levels were enhanced by IgE-mediated activation during
immunization (see Table E1). The apparent variability in these
IgG2a responses might reflect the variation observed in the extent
of mast cell activation evaluated by mMCP-1 levels (364.6 6
91.09 pg/mL) in IgE/antigen-activated mice. This change toward
OVA-specific IgG2a suggests a TH1-polarized response and is
therefore unlikely to result in allergic symptoms, but it does iden-
tify that there are significant immunomodulatory outcomes of
IgE-mediated mast cell activation on the antigen response within
the context of oral tolerance.

Oral antihistamines have been used clinically to control
adverse reactions during rush or long-term oral immunotherapy
protocols52,53 and have been administered extensively in other
forms of allergen immunotherapy.54 Despite their frequent use,
it is unknown how some antihistamines can influence tolerance
induction to a new antigen or effect on oral immunotherapy effec-
tiveness. The administration of levocetirizine to patients undergo-
ing honeybee venom immunotherapy did not interfere with
tolerance induction and resulted in significantly more IL-10 pro-
duction from allergen-specific T cells.55 Similarly, a double-blind
placebo-controlled study demonstrated that patients receiving
pretreatment with the HRH1 antagonist terfenadine during bee
venom immunotherapy were significantly less likely to react to
a sting challenge several years later.56 Taken together, these
studies suggest that antihistamine treatment does not interfere
with tolerance induction and might enhance immunotherapy to
a preexisting allergic condition. This supports our finding that
treatment with relatively high doses of pyrilamine (HRH1 antag-
onist) or ranitidine (HRH2 antagonist) did not interfere with the
development of oral tolerance induction to a food antigen. How-
ever, our model did not demonstrate enhanced tolerance resulting
from antihistamine treatment.

Overall, our data demonstrate that mast cells do not alter the
development of oral tolerance to a food antigen, as assessed by
measuring humoral IgE responses. Similarly, if mast cells are
activated by IgE during allergen challenge, the maintenance of
oral tolerance to the simple egg allergen OVA is unchanged in the
IgE response. There is clear evidence from these and many
previous studies that mast cells can play a profound immuno-
modulatory role in other types of tolerance and in other immune
compartments, such as the IgG2a response to food antigens. These
data identify complexity in the oral tolerance response to acti-
vatedmast cells but underscore the potential safety and usefulness
of antihistamine treatment during oral tolerance approaches in
clinical settings.
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Key messages

d Mast cells are not necessary for the induction of oral tol-
erance to food antigens. KitW-sh/W-sh mast cell–deficient
mice present abnormalities in oral tolerance induction
and Treg cell development that are not mast cell
dependent.

d Systemic IgE-mediated mast cell activation does not alter
established oral tolerance. This suggests that the immuno-
logic effects of mast cell activation might not reduce toler-
ance to foods.

d Oral antihistamine treatment does not inhibit or enhance
oral tolerance induction.
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TABLE E1. Passive IgE-mediated systemic activation in oral tolerance induction and maintenance: anti-OVA antibody levels in plasma

1 week after boost

IgA IgG1 IgG2a

A. Tolerance maintenance in wild-type C57BL/6 mice (n 5 18-19)

Control 1 IgE/control BSA during OVA-alum immunization 0.354 6 0.063 5.08 (4.64-5.34) 3.58 (1.04-4.42)

Tolerized 1 IgE/control BSA during OVA-alum immunization 0.112 6 0.015� 4.65 (4.17-4.88) 0.56* (0.01-3.45)

Tolerized 1 IgE/TNP-BSA activation during OVA-alum immunization 0.186 6 0.044* 4.83 (4.33-5.11) 1.78 (0.01-3.63)

B. Tolerance maintenance in KitW-sh/W-sh mice (n 5 9-14)

Control 1 IgE/control BSA during OVA-alum immunization 0.387 6 0.102 5.11 (3.62-5.47) 3.49 (1.53-4.34)

Tolerized 1 IgE/control BSA during OVA-alum immunization 0.082 6 0.036� 3.66* (0.01-4.63) 0.01� (0.01-2.94)

Tolerized 1 IgE/TNP-BSA activation during OVA-alum immunization 0.072 6 0.019* 3.34 (0.01-4.88) 0.01� (0.01-1.45)

C. Tolerance induction in wild-type C57BL/6 mice (n 5 10)

Control 1 IgE/control BSA during OVA feeding 0.122 6 0.031 4.66 (2.78-4.96) 1.93 (0.67-2.92)

Tolerized 1 IgE/control BSA during OVA feeding 0.020 6 0.004 4.76 (4.63-4.96) 1.47 (0.01-2.50)

Tolerized 1 IgE/TNP-BSA activation during OVA feeding 0.084 6 0.043 4.57 (4.46-4.69) 0.95 (0.01-2.40)

Antibody levels are expressed as mean 6 SEM ODs (IgE) or median2log titers with interquartile ranges (IgG1 and IgG2a). Antibody responses of tolerized groups were compared

with those of control sensitized mice by using ANOVA with the Dunnett test (IgE and IgA) or the Kruskal-Wallis test with the Dunn multiple comparison test (IgG1 and IgG2a).

Values in boldface indicate 40% or greater antibody reduction compared with the corresponding control group.

*P < .05.

�P < .01.
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