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ABSTRACT

Mucosal immunotherapy is suggested as a treatment strategy for tolerance induction in allergic diseases. The purpose of this
study was to determine the effect of transferred splenic T cells from intranasal ovalbumin (OVA)-immunized mice to naive mice
before sensitization on its impact of cytokine production and airway histopathology. BALB/c mice in group I received intranasal
immunotherapy (days1–6), carboxylfluorescein succinyl ester (CFSE)–labeled splenocytes or splenic T cells were i.v. trans-
ferred to naive recipients (group II) before OVA sensitization. Acute murine asthma model was established by two i.p. OVA
injections (days 21 and 28) and seven OVA nebulizations (days 42–48) in groups I, II and III. Groups III and IV served as
asthma model and control, respectively. CFSE-labeled cells in splenocytes and lymph node lymphocytes, lung histopathology,
IL-4, IL-10, and interferon (IFN) gamma cytokines of recipients were analyzed 24 hours after OVA nebulization challenge.
CFSE-labeled T cells from group I were detected in spleen and regional lymph nodes of the OVA-sensitized recipients (group
II). Smooth muscle and thickness of airways were less in intranasal OVA immunotherapy and OVA-sensitized recipients when
compared with the asthma model (p � 0.05). Area of inflammation was significantly suppressed in OVA-sensitized recipients
compared with the asthma model (p � 0.01). IL-10 and IFN-gamma levels in splenocyte supernatants were significantly
increased in intranasal immunotherapy and OVA-sensitized recipients compared with asthma model and controls (p � 0.01).
IL-4 levels were significantly less in intranasal immunotherapy group and the OVA-sensitized recipient group when compared
with asthma the model group (p � 0.05). This study suggests that intranasal immunotherapy with allergens regulates T-cell
responses and ameliorates airway histopathology in sensitized mice, hence, encouraging mucosal tolerance induction as a
suitable treatment of allergic diseases.
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Allergen SIT by the subcutaneous route is a com-
mon and effective treatment in many cases of

allergic diseases.1 Despite the subcutaneous route of
desensitization is still preferable, intranasal and oral
(local) routes have been considered as alternatives.2

Mucosal tolerance, characterized by specific immu-
nologic unresponsiveness to subsequent antigenic
challenge, may be achieved by either the induction of
anergy, deletion of responsive cells, or active cellular
regulation via T regulatory (Tr) cells.3 Among CD4� T
cells, Tr1 cells produce primarily IL-10,4 whereas Th3
cells act via transforming growth factor (TGF)–�, IL-4,

and/or IL-10.5 Naturally occurring CD4�CD25� Tr are
characterized by the expression of Foxp3.6

Intranasal immunization has long been used as a
route for vaccine administration and shown to be ef-
fective in inducing both systemic and generalized mu-
cosal immune response.7 Recently, it has been shown
that intranasal immunotherapy with Bet V1 inducees
long-term effects of tolerance induction and is associ-
ated with enhanced expression of IL-10, transforming
growth factor (TGF)-� and Foxp3-mRNA in CD4� T
cells.8

Experimental models of adoptive transfer have
helped to define the role of T cells and their cytokines
in orchestrating allergic asthma. Several studies clearly
showed that adoptively transferred antigen-specific
CD4� T cells induce airway inflammation in part by
activating other effector cells that participate in airway
inflammatory responses.9–11 In this study we aimed to
determine the effect of adoptive transfer of splenic T
cells from mice immunized with OVA intranasally to
naive mice before sensitization on Th1 (interferon
[IFN] �), Th2 (IL-4), and regulatory T-cell (IL-10) cyto-
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kine production and parameters of airway histopathol-
ogy in the recipient.

METHOD

Mice
Five- to 6-week-old BALB/c mice were obtained

from TUBITAK (The Scientific and Technical Research
Council of Turkey) and housed according to the Na-
tional Institutes of Health Guidelines. Experimental
protocols were ethically approved and complied with
the Animal Research Committee of Marmara Medical
University (March 12, 2006, Istanbul, Turkey).

Study Groups
BALB/c mice were divided into four groups, with

six to eight mice per group. Group I (nasal immuno-
therapy group) received 30 �L of phosphate-buffered
saline (PBS) containing 100 �g of ovalbumin (OVA)
(type V; Sigma, St. Louis, MO) by intranasal (i.n.) route
on 6 consecutive days (days 0–6). On the day before
sensitization with OVA, group II (OVA-sensitized re-
cipient) received carboxylfluorescein succinyl ester
(CFSE)–labeled splenocytes or splenic T cells from
group I (transfer group, day 21) by i.v. route. Group III
asthma model group (OVA sensitized and recipient of
naive T cells) received CFSE-labeled splenocytes from
untreated naive mice and served as positive controls.
An acute asthma model was established in groups I, II,
and III by administration of two doses of i.p. 10-�g
OVA in 1.5 mg of alum injection (sensitization, days 21
and 28) and seven subsequent 1% OVA nebulizations
(challenge, days 42–49). Group IV served as the
healthy control (Fig. 1). All determinations were per-
formed 24 hours after the last OVA challenge.

Adoptive Transfer of Splenocytes and T cells
On the same day of the first i.p. OVA sensitization

(day 21), spleens from the nasal immunotherapy group
were collected, and single cell suspensions were pre-
pared by passing the cells through a cell strainer.
Splenocytes were suspended in lysing buffer (8.29
gr/lt of NH4Cl, 1 gr/lt of KHCO3, 37 mg/lt of EDTA,
and 1 lt of distilled water). Cells were washed three
times and resuspended in RPMI-1640 medium supple-
mented and 10% heat inactivated FCS, 2 mM of l-
glutamine, and penicillin/streptomycin (all from
Sigma, St. Louis, MO). After isolation of splenocytes,
pure T cells were isolated with mouse pan T-cell iso-
lation kit (Miltenyi Biotec AG, Bergisch Gladbach, Ger-
many). Briefly, anti-CD14, anti-CD16, anti-CD19, anti-
CD56, anti-CD36, anti-CD123, and anti-CD235a were
added to splenocytes for the depletion of B cells, nat-
ural killer cells, dendritic cells, monocytes, granulo-
cytes, and erythroid cells. Control antibodies were
phycoeruthrin- or fluorescin isothiocyanate-conju-
gated mouse IgG1 and mouse IgG2 (BD, PharMingen,
San Jose, CA). Fluorescence analysis was performed on
an EPICS XL (Beckman Coulter Corp., Fullerton, CA)
with argon laser (488 nm). Isolated cells were labeled
with CFSE (Molecular Probes, Inc., Eugene, OR).
Briefly, splenocytes and splenic T cells (1 � 106cell/
mL) were resuspended in 1 mL of RPMI-1640/10%
FCS. CFSE was added to make a final concentration of
5 M, and the cells were gently mixed and incubated for
12 minutes at �4°C protected from light. Labeling of
cells was stopped by adding cold PBS with 2% fetal
bovine serum, and then the cells were washed and
resuspended in complete medium. Recipient naive
mice received 50 �L of saline containing CFSE labeled
2 � 105 splenocytes or splenic T cells i.v. on the day
before the first i.p. OVA sensitization (day 21). In the
asthma model, group splenocytes from naive mice
were labeled with CFSE and transferred to naive mice
before establishment of the acute asthma model (Fig.
1). CFSE-labeled cells were analyzed in splenocytes
and lymph node lymphocytes of recipients 24 hours
after nebulization challenge. In this experiment al-
though our main aim was to determine the effect of
splenic T cells on the tolerance induction, we also trans-
ferred splenocytes simultaneously to other groups of na-
ive mice to test the migration of both splenocytes and
splenic T cells locally and systemically in recipients.

Bronchoalveolar Lavage (BAL) Fluid
Animals were anesthetized with rompun/ketalar

(0.03/0.07 mL). The trachea was cannulated and BAL
was collected by injecting 0.4 mL of PBS three times
into the lung. Total cell counts were performed on
cytospin slides stained with Wright Diff-Quik (Baxter

Figure 1. Study design. Age-matched BALB/c mice divided into
four groups. Intranasal OVA immunotherapy group received 100
�g of OVA intranasally on days 1–6 (one time per day). Naive
recipients received CFSE labeled 1 � 106 splenocytes (black box) or
splenic T cells (gray box) i.v. from the intranasal OVA immuno-
therapy group. The asthma model group received CFSE-labeled
splenocytes from untreated naive mice (ova sensitized and recipient
of naiveT cells; white box). The asthma model was established by
i.p. OVA injections and OVA nebulization. The control group did
not receive any treatment.
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Bade AG, Dudingen, Switzerland) and 200 cells were
counted.

Histopathological Analysis
Twenty-four hours after the last OVA nebulization

(day 49) mice in all groups were killed. Lungs were
fixed and inflated by intratracheal instillation of buff-
ered formol solution. Then, lungs were removed and
placed in buffered solution. Subsequently, lungs were
embedded into paraffin for preparation of histopatho-
logical sections. Sectioned paraffin-embedded tissues
(3–5 �m) were stained with hematoxylin and eosin for
the evaluation of epithelial thickness and with periodic
acid Schiff to analyze smooth muscle thickness and
hyperplasic goblet cells. All histological analyses were
performed with MS Basic Image Analyser Software,
which was adapted on a model BH2-RFCA microscope
(Olympus Optical Co., Ltd., Tokyo, Japan). The air-
ways were classified as small (�500 �m), medium
(500–1000 �m), and large (�1000 �m) according to
their circumferences. Measurements were made on dis-
tal airways cut in transverse sections and free of
branching. Measurement of thickness of epithelial,
smooth muscle, and number of hyperplasic goblet cells
and severity of inflammation on the airways were re-
corded. Semiquantative analysis was achieved by scor-
ing for inflammation severity according to number of
inflammatory cell lines surrounding the airway.

Cytokines Determination
Splenocytes and lymph node lymphocytes were iso-

lated, stimulated with OVA (40 �g/mL). Supernatants
were obtained 24 hours later for IL-4, IL-10, and IFN-�
cytokine analysis. Cytokine levels of culture superna-
tants were determined using commercial ELISA kit
(Endogen, Rockford, IL).

Statistical Analyses
For statistical analyses, SPSS package (release 10.1;

SPSS, Inc., Chicago, IL) program was used. Kruskal-
Wallis test was used for comparison of all groups.
When differences were statistically significant, Mann-
Whitney U test was used for between-group compari-
sons. A value of p � 0.05 was considered statistically
significant.

RESULTS

CFSE-Labeled Cells in the Spleen and Lymph
Nodes of Recipients

After transfer of CFSE-labeled splenocytes from na-
sal immunotherapy group to naive mice, splenocytes
were detected in the spleen and regional lymph nodes
(14.9 � 1.9% and 12.2 � 1.8%, respectively) of the
OVA-sensitized recipient. Also, T-cell transfer from

intranasal OVA immunotherapy group to naive mice
CFSE-labeled T cells were detected in the spleen ad
regional lymph nodes (7.3 � 0.9% and 6.9 � 1.0%,
respectively). On the other hand, transfer of spleno-
cytes from untreated mice to naive mice resulted in
statistically less CFSE-labeled cells in the spleen and
regional lymph nodes (1.6 � 0.3% and 2.8 � 0.8%,
respectively) compared with splenocytes and T cells of
OVA-sensitized recipients (p � 0.05; Fig. 2).

Histopathological Analyses
The smooth muscle and whole thickness of large

airways were found to be less in the nasal immuno-
therapy group (group I, 35 � 13.2 �m and 58.3 � 17.5
�m, respectively) and the OVA-sensitized recipients
(group II, 30 � 7 �m and 55 � 14.1 �m, respecitvely)
when compared with the asthma model group (group
III, 71.7 � 22 �m and 96.2 � 31.1 �m, respectively; p �
0.05; Figs. 3 A and 4). In addition, there was no statis-
tically significant difference in the thickness of the
smooth muscle (p � 0.34) and whole thickness (p �
0.08) in all sized airways in intranasal OVA immuno-
therapy and OVA-sensitized recipients groups when
compared with healthy controls (group IV, 26.6 � 2.8
�m and 43.3 � 5.7 �m, respectively). Adoptive transfer
of T cells from intranasal OVA immunotherapy group
to naive mice significantly suppressed the area of in-
flammation (p � 0.01) compared with the asthma
model group (Fig. 3 B). In BAL analyses, there were
less inflammatory cell numbers in intranasal OVA im-
munotherapy (68 � 9.8) and OVA-sensitized recipient
groups (56 � 16.9) compared with the asthma model
group (98 � 25.4; Fig. 3 C).

Figure 2. CFSE-labeled splenocytes or splenic T cells in the spleen
and lymph node of OVA-sensitized recipient mice after adoptive
transfer. Splenocytes and T cells from the intranasal immunother-
apy group were isolated and labeled with CFSE and transferred to
naive mice. The asthma model was established by i.p. and nebulized
OVA. Migration of CFSE-labeled splenocytes and T cells to the
spleen and lymph node were analyzed by flow cytometric analyses.
*Significant difference (p � 0.01) of the OVA-induced recipient
group (recipients) compared with the asthma model (sensitized and
recipient of naı̈ve T cells).
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Cytokine Levels of Splenocytes and Lymph Node
Lymphocytes

When compared with healthy controls, OVA stimu-
lated IL-10 levels in splenocyte culture supernatants
significantly increased in the nasal immunotherapy
group and OVA-sensitized recipient group (p � 0.05).
Spontaneous cytokine levels detected in supernatants

of regional lymph node lymphocytes revealed in-
creased IL-10 levels in the intranasal OVA immuno-
therapy and OVA-sensitized recipient groups when
compared with the asthma model and healthy control
groups, while the IL-4 level decreased in all groups
with an exception of asthma model group (p � 0.01 and
p � 0.05, respectively; Fig. 5).

Spontaneous and OVA-stimulated IL-4 levels in
splenocyte supernatants were significantly less in the
nasal immunotherapy group and OVA-sensitized re-
cipient group when compared with the asthma model
group (p � 0.05). OVA-stimulated IFN-� levels were
increased in the intranasal immunotherapy and OVA-
sensitized recipient groups compared with the asthma
model and control groups (p � 0.01). Likewise, in the
OVA-sensitized recipient group spontaneous IFN- �
levels were significantly higher compared with other
groups (p � 0.05).

DISCUSSION
The present study provides evidence that, transfer of

splenic T cells from intranasal OVA-immunized mice is
able to ameliorate histopathological changes and in-
crease secretion of IL-10 and IFN-� from splenocytes
and lymph nodes of recipients. Adoptive transfer of
antigen-specific CD4� T cells is sufficient to induce

Figure 3. Histopathological analyses of airways. Lungs of all groups were taken 1 day after last OVA nebulization. They were fixed in
formaldehyde and embedded to paraffin. Sections were stained with periodic acid Schiff (PAS) and analyzed under light microscope with 40�

magnification. (A) Epithelial, smooth muscle, and whole thickness of airways were measured. (B) Infiltration of inflammatory cells to
perivascular and peribronchial parts of the lung was measured. (C) Number of inflammatory cells in the BAL fluid was counted. Values
represent the mean � SD, *Significant difference (p � 0.01) of the asthma model versus the intranasal immunotherapy (i.n. IT) or
OVA-induced recipient group (recipient) or control.

Figure 4. PAS-stained lung sections of all groups. (40�).
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allergic airway inflammation after antigen challenge.
The degree of inflammation following T-cell adoptive
transfer is similar to that produced in actively sensi-
tized animals, providing evidence that CD4� T cells
are sufficient for the induction and maintenance of
inflammation in experimental asthma.9 Phenotypi-
cally, the cells responsible for transfer of allergic re-
sponses are activated, antigen-specific T cells that ex-
press high levels of CD4 and produce Th2
cytokines.12–15

In our study, we transferred T cells from the nasal
immunotherapy group to naive recipients. This
adoptive transfer managed to suppress histopatho-
logical changes in large airways and decreased in-
flammation in the recipient lung. Thus, these results
may suggest that intranasal OVA immunization may
induce CD4� T cells, hence, transferring their mod-
ulatory capacity to naive cells in vivo. In a previous
study, it was shown that mucosal Tr cells, which can
be isolated from the spleen, protects against the de-
velopment of both delayed type hypersensitivity and

IgE responses, irrespective of initial or ongoing cy-
tokine polarization.16

Mucosal administration of soluble proteins (anti-
gens) may enhance peripheral immunologic tolerance,
which plays an important role in preventing or con-
trolling unwanted immune responses to both self- and
non–self-antigens via regulating homeostasis. This ap-
proach has been recognized as a promising way to
prevent allergic, autoimmune, or infection-induced im-
munopathological reactions.17 Recently, interest has fo-
cused on the delivery of allergen orally, particularly by
sublingual administration. There have been a number
of articles written concerning the allergen immuno-
therapy and the main concern is of a better knowledge
of the mechanisms of mucosal tolerance leading to
appropriate dosage, schedules, and safety in high-risk
groups as emphasized in recently published re-
views.18,19 In humans, a meta-analysis of the double-
blinded, placebo-controlled trials that have been per-
formed in the past 10 years has shown that sublingual
immunotherapy is clinically efficacious.20

Studies with experimental murine models revealed
that intranasal exposure of house-dust mites,21 purified
protein derivative,22 and intragastric administration of
Mycobacterium vaccae23 prevents allergic sensitizations
and inflammation in mice. With the hypothesis of these
studies in mind we attempted to evaluate whether
intranasal allergen (OVA) immunotherapy prevents
smooth muscle and whole thickness of airways. In
addition, we aimed to detect whether intranasal OVA
immunotherapy has a down-regulating effect on the
number of inflammatory cells in BAL. Our results in-
dicated that these parameters were significantly less in
the intranasal immunotherapy group when compared
with the OVA-sensitized group. Moreover, by regulat-
ing the cytokine secretion profile this model of allergen
immunotherapy delivered before establishing the
asthma model was able to decrease Th2-type immune
response via suppression of IL-4 levels both in spleno-
cytes and in lymph node lymphocytes. While down-
regulating Th2-type immune response, intranasal ap-
plication of OVA upregulated OVA-stimulated IFN-�
secretion from splenocytes, as well as IL-10 secretion
both from splenocytes and lymph node culture super-
natants. These results point to the ameliorating effect of
intranasal OVA immunotherapy on the histopatho-
logic changes in the airways and cytokine polarization
away from Th2-type in OVA sensitized mice.

The current study evaluated whether tolerance can
be transferred by using a labeled technique for fol-
low-up of the transferred splenocytes and T cells. This
provides a path of mechanism caused by tolerated T
cells. Moreover, the modulatory effect of those trans-
ferred T cells on changes of airway histopathology on
antigen challenge is investigated.

Figure 5. OVA-stimulated and -unstimulated culture superna-
tants were collected and IL-10, IL-4, and IFN-� levels were detected
by ELISA. (A) The value of *p � 0.05, **p � 0.05, ***p � 0.01
intranasal immunotherapy (in. IT) group and OVA-sensitized
recipients (recipient) versus control and/or asthma model, respec-
tively. (B) The value of *p � 0.05, ***p � 0.05 in. IT group and
OVA-sensitized recipients (recipient) versus control and asthma
model, respectively. The value of **p � 0.05 control and asthma
model versus in. IT or OVA-sensitized recipients (recipient). (C)
The value of *p � 0.05, asthma model versus control or in. IT group
or OVA-sensitized recipients (recipient). The value of **p � 0.01
in. IT group and OVA-sensitized recipients (recipient) versus
control or/and asthma model.
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It was previously shown that nasal tolerance induc-
tion involves active suppression mediated by CD4� Tr
cells by adoptive transfer experiments.24,25 To under-
stand whether we can transfer this protective effect of
intranasal immunotherapy harnessed by probably T
cells, we transferred splenic T cells of the treated group
to naive mice before sensitization with OVA. In our
study adoptive transfer of T cells from the immuno-
therapy group were able to decrease OVA-induced
IL-4 levels in both the spleen and the lymph node
lymphocytes. Moreover, this resulted in increased
OVA-induced IL-10 and IFN-� levels. It was also hy-
pothesized that expression of IL-10 and possibly other
cytokines in the airway environment may contribute to
the maintenance of the normal state of allergen nonre-
sponsiveness.26 Kearly et al. clearly showed that trans-
fer of CD4�CD25� T cells suppress the Th2 cell-driven
response to allergen in vivo by an IL-10–dependent
mechanism.27

In conclusion, we demonstrated that transfer of in-
tranasal tolerance induced T cells to naive mice before
establishing asthma model abrogates the features of
allergic airway disease in vivo. These include prevent-
ing smooth muscle, whole thickness, and inflammatory
cell infiltration to peribronchial and perivascular areas
of large airways; decreased inflammatory cells in BAL
fluid; and reduced IL-4 levels. Moreover, down-regu-
lation of inflammation was observed with a concomi-
tant increase in IL-10 secretion from splenocyte culture
supernatants. Transfer of T cells from mice receiving
immunotherapy through the mucosal route regulates
T-cell responses and controls histopathological
changes of airways in recipient mice.

REFERENCES
1. Moller C, Dreborg S, Ferdousi HA, et al. Pollen immunotherapy

reduces the development of asthma in children with seasonal
rhinoconjunctivitis (the PAT-study). J Allergy Clin Immunol
109:251–256, 2002.

2. Canonica GW, Passalacqua G. Noninjection routes for immu-
notherapy. J Allergy Clin Immunol 111(3):437–448, 2003 Mar.

3. Weiner HL. Oral tolerance: Immune mechanisms and treatment
of autoimmune diseases. Immunol Today 18:335–343, 1997.

4. Groux H, O’Garra A, Bigler M, et al. A CD4� T-cell subset
inhibits antigen-specific T-cell responses and prevents colitis.
Nature 389:737–742, 1997.

5. Alard P, Clark SL, and Kosiewicz MM. Mechanisms of tolerance
induced by TGF beta-treated APC: CD4 regulatory T cells pre-
vent the induction of the immune response possibly through a
mechanism involving TGF beta. Eur J Immunol 34:1021–1030,
2004.

6. Fontenot JD, Gavin MA, and Rudensky AY. Foxp3 programs
the development and function of CD4�CD25� regulatory T
cells. Nat Immunol 4:330–336, 2003.

7. Wu HY, and Russell MW. Nasal lymphoid tissue, intranasal
immunization, and compartmentalization of the common mu-
cosal immune system. Immunol Res 16:187–201, 1997.

8. Winkler B, Hufnagl K, Spittler A, et al. The role of Foxp3� T
cells in long-term efficacy of prophylactic and therapeutic mu-
cosal tolerance induction in mice. Allergy 61:173–180, 2006.

9. Watanabe A, Mishima H, Renzi PM, et al. Transfer of allergic
airway responses with antigen-primed CD41 but not CD81 T
cells in Brown Norway rats. J Clin Invest 96:1303–1310, 1995.

10. Eisenbarth SC, Zhadkevich A, Ranney P, et al. IL-4-dependent
Th2 collateral priming to inhaled antigens independent of Toll-
like receptor 4 and myeloid differentiation factor 88. J Immunol
172:4527–4534, 2004.

11. Wills-Karp M. Immunologic basis of antigen-induced airway
hyperresponsiveness. Annu Rev Immunol 17:255–281, 1999.

12. Wise JT, Baginski TJ, and Mobley JL. An adoptive transfer
model of allergic lung inflammation in mice is mediated by
CD41CD62LlowCD251 T cells. J Immunol 162:5592–5600, 1999.

13. Mattes J, Yang M, Siqueira A, et al. IL-13 induces airways
hyperreactivity inependently of the IL-4R alpha chain in the
allergic lung. J Immunol 167:1683–1692, 2001.

14. Mishima H, Hojo M, Watanabe A, et al. CD41 T cells can induce
airway hyperresponsiveness to allergen challenge in the Brown
Norway rat. Am J Respir Crit Care Med 158:1863–1870, 1998.

15. Ridgway W, Fasso M, and Fathman CG. Following antigen
challenge, T cells up-regulate cell surface expression of CD4 in
vitro and in vivo. J Immunol 161:714–720, 1998.

16. Unger WW, Jansen W, Wolvers DA, et al. Nasal tolerance
induces antigen-specific CD4�CD25- regulatory T cells that can
transfer their regulatory capacity to naive CD4� T cells. Int
Immunol 15:731–739, 2003.

17. Holmgren J, and Czerkinsky C. Mucosal immunity and vac-
cines. Nat Med 11:S45–S53, 2005.

18. Finegold I. Allergen immunotherapy: Present and future. Al-
lergy Asthma Proc 28:44–49, 2007.

19. Frati F, Moingeon P, Marcucci F, et al. Mucosal immunization
application to allergic disease: Sublingual immunotherapy. Al-
lergy Asthma Proc 28:35–39, 2007.

20. Cox LS, Linnemann DL, Nolte H, et al. Sublingual immunother-
apy: A comprehensive review. J Allergy Clin Immunol 117:
1021–1035, 2006.

21. Cates EC, Fattouh R, Wattie J, et al. Intranasal exposure of mice
to house dust mite elicits allergic airway inflammation via a
GM-CSF-mediated mechanism. J Immunol 173:6384–6392,
2004.

22. Hattori H, Okano M, Yamamoto T, et al. Intranasal application
of purified protein derivative suppresses the initiation but not
the exacerbation of allergic rhinitis in mice. Clin Exp Allergy
32:951–959, 2002.

23. Hunt JR, Martinelli R, Adams VC, et al. Intragastric adminis-
tration of Mycobacterium vaccae inhibits severe pulmonary
allergic inflammation in a mouse model. Clin Exp Allergy 35:
685–690, 2005.

24. Wolvers DA, van der Cammen MJ, and Kraal G. Mucosal
tolerance is associated with, but independent of, up-regulation
Th2 responses. Immunology 92:328–333, 1997.

25. van Halteren AG, van der Cammen MJ, Cooper D, et al. Reg-
ulation of antigen-specific IgE, IgG1, and mast cell responses to
ingested allergen by mucosal tolerance induction. J Immunol
159:3009–3015, 1997.

26. Hobbs K, Negri J, Klinnert M, et al. Interleukin-10 and trans-
forming growth factor-beta promoter polymorphisms in aller-
gies and asthma. Am J Respir Crit Care Med 158:1958–1962,
1998.

27. Kearley J, Barker JE, Robinson DS, and Lloyd CM. Resolution of
airway inflammation and hyperreactivity after in vivo transfer
of CD4�CD25� regulatory T cells is interleukin 10 dependent.
J Exp Med 202:1539–1547, 2005. e

416 July–August 2008, Vol. 29, No. 4


