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Immune dysregulation in asthma
Dale T Umetsu and Rosemarie H DeKruyff

Allergic diseases and asthma are caused by dysregulated

Th2-biased immune responses to environmental allergens in

genetically predisposed individuals. Over the past several years

therehasbeenmuchprogress inunderstanding the mechanisms

by which Th2 responses are generated and the pathogenic role

of natural killerT cells in asthma. Inaddition, therehasbeen much

progress in understanding the mechanisms of tolerance to

allergens, the role of natural and adaptive allergen-specific

regulatory T cells, and the strategies to prevent or to reverse

allergic disease and asthma. Impaired expansion of regulatory T

cells is hypothesized to lead to the development of allergy and

asthma, and treatment to induce allergen-specific regulatory T

cells could provide curative therapies for these problems.
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Introduction
Asthma and allergy are inflammatory diseases caused by

dysregulated immune responses in the respiratory mucosa.

It is believed that overzealous T helper (Th)2-driven

responses result in the development of asthma. Thus,

CD4+ T cells that produce Th2 cytokines play a prominent

role in the lungs of asthmatic subjects [1]. Over the past

year, we have learned a great deal more about specific

mechanisms that result in asthma and allergy, which has

led to new strategies to treat these medical problems.

In this review, we discuss recent reports on factors

involved in the pathogenesis of asthma, and in the pro-

tection against asthma.

Factors involved in pathogenesis of asthma
Specific proinflammatory factors involved in the patho-

genesis of asthma include thymic stromal lymphopoietin

(TSLP), interleukin 25 (IL-25), tumor necrosis factor a

(TNF-a) and natural killer T cells (NKT cells).

Thymic stromal lymphopoietin

In this past year, there have been several reports regarding

the role of TSLP in the pathogenesis of several atopic

diseases. TSLP was first described in 1994 as a novel IL-7-

like cytokine important in T cell and B cell differentiation

[2]. TSLP, which is highly expressed in Hassall’s corpus-

cles in the thymic medulla, is critically involved in positive

selection of natural T regulatory (TReg) cells in the thymus

[3]. However, TSLP appears to also be important in the

periphery, where it enhances the capacity of dendritic cells

(DCs) to induce the development of Th2 cells [4]. In

particular, overexpression of TSLP in the lungs of mice

results in the development of severe allergic airway inflam-

mation [5��,6��]. TSLP is, in fact, expressed at high levels

in the lungs of patients who have asthma [7], which

suggests that expression of TSLP by lung epithelial cells

can indeed cause airway DCs to enhance the development

of Th2-driven inflammation. Moreover, expression of

TSLP by skin keratinocytes in the skin of mice has been

shown to result in the development of a condition that has

many of the features of atopic dermatitis [8].

Interleukin 25

Another proinflammatory factor in asthma is IL-25 (also

known as IL-17E), which is produced by Th2 cells and

mast cells. IL-25 was shown recently to be critically

involved in the expulsion of helminths [9��,10��]. IL-25

performs this function by inducing production of large

quantities of Th2 cytokines from an unusual c-kit+, non-

T/non-B, FceR1� cell. IL-25 might also enhance Th2

responses by actively inhibiting interferon g (IFN-g) and

IL-17 production, suggesting that IL-25-producing cells

might have a regulatory function, limiting pathologic

(Th1-biased) inflammation at mucosal sites. By contrast,

a related IL-17 family member, IL-17 (also known as IL-

17A), produced by Th17 cells, is implicated in the exacer-

bation of autoimmune pathology [11,12]. Because IL-25

enhances Th2 cytokine production, however, it might

also enhance the development of allergic inflammatory

responses at mucosal sites by inducing eosinophilia, air-

way hyperreactivity and increased mucus production [13].

Tumor necrosis factor a

TNF-a is a cytokine produced by mast cells as well as by T

cells, but its role in asthma has been controversial. How-

ever, a recent clinical study, in which patients who had

refractory asthma were treated with the soluble TNF-a

receptor ‘etanercept’, suggests that the TNF-a axis is

upregulated and is proinflammatory in asthma [14�]. Thus,
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etanercept-treated patients had a significant improvement

in pulmonary function and in asthma-related quality of life

score. Whether the role of TNF-a is as important in mild-

to-moderate asthma as it is in refractory asthma remains to

be seen. Another TNF-a receptor family member, CD137

(also known as 4-1BB), might also be involved in the

exacerbation of asthma, because blockade of CD137

(4-1BB) in mice greatly inhibited airway hyperreactivity,

eosinophilic inflammation and IgE production [15,16].

Complement

The role of complement in allergic disease has been

confusing and controversial, but two reports during the

past year on C5 help resolve this issue. These studies

suggest a dual role for C5a, in which C5a functions to

inhibit airway inflammation during the initiation of sen-

sitization, but might enhance airway inflammation and

airway hyperreactivity in established disease [17,18]. It is

clear from these studies, however, that innate immunity

(including complement) has major effects on the devel-

opment of asthma and allergy.

Natural killer T cells

Another pro-allergic pro-asthmatic factor that is part of

the innate immune system and that has received much

attention during the past year is the invariant T-cell

receptor (TCR) natural killer T (iNKT) cell compart-

ment. Several years ago, iNKT cells were shown to be

required for the development of allergen-induced airway

hyperreactivity (AHR) in mouse models of asthma [19].

More recently, the activation of iNKT cells has been

shown to be sufficient to induce AHR [20]. In these

experiments, iNKT cells were directly activated with

glycolipid antigens, such as a-galacosyl-ceramide (a-Gal-

Cer) or glycolipids from the membranes of lipopolysac-

charide-negative Sphingomonas paucimobilis bacteria.

Activation of iNKT cells in this way resulted in severe

AHR and airway inflammation. The induction of AHR

occurred in the absence of eosinophils or B cells, and even

in the absence of MHC class II-restricted CD4+ T cells

[20], indicating that iNKT cell-driven AHR can occur in

the complete absence of adaptive immunity.

In addition, these results suggest that glycolipids from

respiratory pathogens might activate iNKT cells and

directly cause wheezing and AHR. Moreover, lipids from

cypress tree pollen have been shown to directly activate

human iNKT cells [21]. The cypress tree pollen-derived

lipids were recognized in the context of the MHC class I-

like molecules CD1a and CD1d as restriction elements,

and induced the proliferation of CD4+ abTCR+, gdTCR+

and some Va24+ iNKT cells. In addition, the cypress tree

pollen-responsive T cells provided help for IgE produc-

tion and were more evident in the peripheral blood of

allergic subjects during the pollinating season. Finally,

injection of the glycolipids induced immediate Type 1

skin test reactions (wheal and flare reactions), indicating

that anti-cypress lipid IgE antibodies were present in

cypress tree pollen-allergic patients. These results sug-

gest that plant pollen might be an important and pre-

viously unrecognized source of lipid antigens that can

directly activate iNKT cells. They also indicate that

pollen lipids might play an important role in the devel-

opment of some forms of asthma and allergy. The impor-

tant role of iNKT cells in asthma in mice is supported by

the observation that administration of a-GalCer 24 h

before challenge with ovalbumin inhibited allergen-

induced AHR [22–24], presumably because strong iNKT

cell agonists such as a-GalCer induce iNKT cell anergy

[25]. Given evidence that iNKT cells are both necessary

and sufficient for AHR, future studies examining the

capacity of glycolipids from respiratory pathogens and

plant pollens in activating iNKT cells and in inducing

AHR could greatly alter our understanding of respiratory

pathobiology.

Although the studies of allergen-induced AHR in mice

strongly suggested that iNKT cells might be important in

human asthma, direct assessment of the role of iNKT

cells in human asthma was necessary to establish this

possibility. Using CD1d tetramers loaded with a-GalCer,

monoclonal antibody specific for the invariant TCR of

NKT cells, and RT-PCR analysis to detect the invariant

TCR of iNKT cells, the frequency and distribution of

iNKT cells in the lungs and in the circulating blood of

patients with moderate-to-severe persistent asthma was

assessed [26��]. Surprisingly, �60% of the pulmonary

CD4+CD3+ cells in the lungs of these patients who

had asthma were not class II MHC-restricted CD4+ T

cells, but rather iNKT cells. The iNKT cells expressed

the invariant Va24+ TCR and produced IL-4 and IL-13,

but not IFN-g. By contrast, the CD4+ T cells found in the

lungs of patients with sarcoidosis, an inflammatory dis-

ease in which large numbers of CD4+ Th1 cells are found

in the lungs, were conventional CD4+ CD3+ T cells and

not iNKT cells. These studies strongly suggest that

iNKT cells play a prominent pathogenic role in human

asthma [26��] (Figure 1).

The presence of large numbers of iNKT cells in the lungs

of patients with asthma is surprising, and suggests that

these cells might have been mistakenly identified in the

past as conventional CD4+ Th2 cells. Most of the iNKT

cells in the lungs of patients with asthma expressed CD4

and produced IL-4 and IL-13, but not IFN-g, suggesting

that a Th2-like subset of iNKT cells was recruited or

expanded in the lungs of patients with asthma [26��]. In

this and another study, iNKT cells were not increased in

the peripheral blood of patients with asthma, nor did

circulating iNKT cells show any change in functionality

[27]; this indicates that the immunology of asthma must

be studied not by the examination of peripheral blood

alone but rather by the evaluation of cells from within the

lung. The specific mechanisms by which the Th2-like
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subset of iNKT cells enters or expands in the lungs, and

whether the number of iNKT cells in the lungs correlates

with disease severity, are not yet clear.

Oxidative stress

The innate immune system is also affected by the redox

state in the lungs. Therefore, allergens that induce oxi-

dative stress can enhance airway immune responses

[28��], perhaps providing a mechanism for the capacity

of some inhaled allergens to induce significant immune

responses. Similarly, disruption of antioxidant pathways,

for example those regulated by the Nrf2 transcription

factor, leads to severe allergen-driven AHR in mice [29].

The exact pathways that link oxidative stress and

enhanced immunity, however, are not yet clear.

Protective immunity
If allergy and asthma are caused by enhanced Th2

responses, then therapy for these problems must focus

on reducing Th2-driven inflammation. Several recent

studies have focused on enhancing inhibitory pathways,

which can be induced, for example, with antigen-specific

immunotherapies (Box 1). Strategies include administra-

tion of allergen orally, or sublingually, immunization with

an adjuvant such as Listeria monocytogenes [30–32], or

immunization with peptides of the allergen [33] to induce

protective immune responses. Immunotherapy with

antigen peptides or with Listeria as an adjuvant has been

shown to induce antigen-specific adaptive TReg cells that

produce IL-10 [31,33]. TReg cells could also be induced

by respiratory mucosal exposure to antigen [34]. These

TReg cells expressed membrane-bound TGF-b and acti-

vated the Notch 1–hairy and enhancer of split 1 (Notch 1–

HES1) axis in target cells, suggesting that TGF-b and

Notch 1 pathways are crucial in the regulation of tolerance

in the lungs.

Natural CD25+ TReg cells
Whereas antigen-specific adaptive TReg cells are induced

by immunization with antigen or by exposure to the

environment, natural CD25+ TReg cells develop in the

thymus, although they might expand in the periphery

Immune dysregulation in asthma Umetsu and DeKruyff 729

Figure 1

The precise role of NKT cells in asthma is not yet clear, but might include a role as an effector cell in the airways and/or a role in amplifying the

function of allergen-specific Th2 cells in asthma.

Box 1 Allergen immunotherapies for asthma and allergy.

Asthma and allergy are thought to be caused by either a deficiency of

TReg cells or an overabundance of allergen-specific Th2 cells.

Although treatments with medications can limit the symptoms of

asthma and allergy, the most intellectually appealing therapy is

allergen immunotherapy, which reduces Th2 cytokine production

and enhances TReg cell development. There are many forms of

allergen immunotherapy (subcutaneous, sublingual/oral, peptide

based), and new methods involving adjuvants (e.g. TLR agonists) to

enhance the efficiency of these therapies are being developed.

www.sciencedirect.com Current Opinion in Immunology 2006, 18:727–732
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upon antigen exposure. Natural CD25+ cells, however,

can inhibit allergen-induced AHR by way of IL-10-

dependent mechanisms [35] or by inhibiting antigen

presentation by DCs [36]. Both natural CD25+ TReg cells

and adaptive antigen-specific TReg cells express high

levels of the transcription factor Foxp3 [31,34], which

acts as a TReg cell lineage specification factor because it

correlates closely with suppressor activity, irrespective of

CD25 expression [37��]. The number of Foxp3+ natural

CD25+ TReg cells that inhibit allergen-induced lung

pathology in an antigen non-specific manner increases

greatly during gastrointestinal nematode infection (Helig-
mosomoides polygyrus) [38,39], which suggests a mechan-

ism by which infection might inhibit the development of

asthma and allergy. CD25+ TReg cells from both wild-type

and IL-10-deficient mice infected with Heligmosomoides
polygyrus could inhibit immune responses when adop-

tively transferred into naı̈ve recipients.

Loss of tolerance in asthma and allergy
Allergic diseases and asthma might be caused by the lack

of TReg cell development, the loss of tolerance to envir-

onmental allergens, or the over-development of allergen-

specific Th2 cells. Tolerance to environmental allergens

can be influenced by many events, including the factor

TIM-1 (T cell, immunoglobulin and mucin) [40] — a cell

surface molecule expressed preferentially by Th2 cells

encoded by an important asthma susceptibility gene [41].

TIM-1 appears to be an important costimulatory mole-

cule, and cross-linking of TIM-1 results in enhanced Th1

and Th2 cytokine production and loss of tolerance. In

humans, the hepatitis virus binds to TIM-1, but the

natural ligands of TIM-1 are not known (although they

might include Tim4) [42].

Loss of TReg cells might be caused by use of corticoster-

oids. Although corticosteroids are effective in the treat-

ment of patients with asthma and allergy, they appear to

inhibit the development of TReg cells by blocking the

development of tolerance and the function of DCs that

induce antigen-specific TReg cells [43]. There is currently

no information about whether corticosteroids also inhibit

the development of CD25+ natural TReg cells, but results

with steroids and antigen-specific TReg cells suggest that

treatment with corticosteroids in patients with allergy and

asthma could potentially enhance Th2 responses and

could adversely affect the long-term course of allergic

diseases and asthma.

Asthma and allergy might also be controlled by the

deletion of allergen-specific T cells. The tracking of

antigen-specific cells in humans is difficult because of

the low frequency of these cells. The major antigenic

epitope of rye grass allergen Lol p 1 in HLA-DRB1*0401

individuals was identified using HLA-DR*0401 trans-

genic mice and peripheral blood cells from HLA-

DR*0401 individuals. Using DRB1*0401 tetramers

loaded with this major epitope of Lol p 1, we detected

allergen-specific CD4 T cells in the peripheral blood of

DRB1*0401 rye grass allergic individuals following ex
vivo expansion with allergen. These tetramer-positive

cells produced IL-4 but little IFN-g. By contrast, we

were unable to detect rye grass tetramer-positive cells in

cultures from HLA-DR*0401 non-allergic individuals,

even after expansion with IL-2. These results suggest

that rye grass allergen-specific T cells in DR*0401 non-

allergic subjects are present at low levels (owing to dele-

tion or suppression), differ in a fundamental way in their

requirement for ex vivo expansion (e.g. they might be

anergic), or utilize TCRs distinct from those of allergic

individuals [44�].

The activation of innate immunity also appears to result

in the inhibition of allergy and asthma. For example,

TLR9 signaling with CpG oligonucleotides when admi-

nistered into the lungs can inhibit Th2 cytokine produc-

tion. This occurs first by inhibition of DC antigen

presentation to Th2 cells, and second by inhibiting

production of cytokines by mast cells and basophils

[45]. TLR2 and TLR4 signaling by high molecular

weight hyaluronan provides anti-inflammatory effects

as well in the absence of infection, although low mole-

cular weight degradation products of hyaluronan appear

to promote inflammation by signaling through TLR2 and

TLR4 [46�]. Commensal intestinal microflora might also

provide anti-inflammatory effects and enhance oral tol-

erance by signaling through TLR4. Elimination of com-

mensal bacteria with broad spectrum antibiotics prevents

development of oral tolerance, and enhances allergic

sensitization [47��] and susceptibility to intestinal

inflammation [48��]. It is possible that the mucosa of

patients with asthma and allergy is defective in the ability

to respond to commensal flora and to develop mucosal

tolerance. Thus, bronchial epithelial cells from asthmatic

patients, when infected with rhinovirus, produced

reduced amounts of IFN-b compared with bronchial

epithelial cells from normal individuals [49]. The

reduced amount of IFN-b production by bronchial

epithelial cells from asthmatic individuals is thought to

lead to more extensive infection with rhinovirus, which

then causes worsening of asthma.

Conclusions
Much progress has been made in understanding specific

mechanisms that result in allergic inflammation and

asthma. It is now apparent that multiple mechanisms

are involved in the development of allergy and asthma,

including TSLP, IL-25, TNF-a, oxidative stress and

NKT cells. By contrast, other mechanisms play important

anti-inflammatory roles in preventing the development of

these problems, including innate immunity and TReg

cells. In the future, new therapies for asthma and allergy

will be developed targeting these proinflammatory

mechanisms and enhancing anti-inflammatory pathways.

730 Allergy and hypersensitivity

Current Opinion in Immunology 2006, 18:727–732 www.sciencedirect.com



Aut
ho

r's
   

pe
rs

on
al

   
co

py

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest

�� of outstanding interest

1. Robinson WH, Ying H, Miceli MC, Parnes JR: Extensive
polymorphism in the extracellular domain of the mouse B cell
differentiation antigen Lyb-2/CD72. J Immunol 1992,
149:880-886.

2. Liu YJ: Thymic stromal lymphopoietin: master switch for
allergic inflammation. J Exp Med 2006, 203:269-273.

3. Watanabe N, Wang Y, Lee H, Ito T, Wang Y, Cao W, Liu Y:
Hassall’s corpuscles instruct dendritic cells to induce
CD4+CD25+ regulatory T cells in human thymus.
Nature 2005, 436:1181-1185.

4. Ito T, Wang YH, Duramad O, Hori T, Delespesse GJ, Watanabe N,
Qin FX, Yao Z, Cao W, Liu YJ: TSLP-activated dendritic cells
induce an inflammatory T helper type 2 cell response through
OX40 ligand. J Exp Med 2005, 202:1213-1223.

5.
��

Zhou B, Comeau M, De Smedt T, Liggitt H, Dahl M, Lewis D,
Gyarmati D, Aye T, Campbell D, Ziegler S: Thymic stromal
lymphopoietin as a key initiator of allergic airway inflammation
in mice. Nat Immunol 2005, 6:1047-1053.

These two articles [5��,6��] demonstrate that TSLP plays an important role
in the development of asthma. Other studies [3,7] indicate that TSLP plays
important roles in other situations, including the development of TReg cells
and the development of atopic dermatitis.

6.
��

Al-Shami A, Spolski R, Kelly J, Keane-Myers A, Leonard W:
A role for TSLP in the development of inflammation in an
asthma model. J Exp Med 2005, 202:829-839.

See annotation to [5��].

7. Ying S, O’Connor B, Ratoff J, Meng Q, Mallett K, Cousins D,
Robinson D, Zhang G, Zhao J, Lee TH et al.: Thymic
stromal lymphopoietin expression is increased in asthmatic
airways and correlates with expression of Th2-attracting
chemokines and disease severity. J Immunol 2005,
174:8183-8190.

8. Yoo J, Omori M, Gyarmati D, Zhou B, Aye T, Brewer A, Comeau M,
Campbell D, Ziegler S: Spontaneous atopic dermatitis in mice
expressing an inducible thymic stromal lymphopoietin
transgene specifically in the skin. J Exp Med 2005, 202:541-549.

9.
��

Fallon PG, Ballantyne SJ, Mangan NE, Barlow JL, Dasvarma A,
Hewett DR, McIlgorm A, Jolin HE, McKenzie AN: Identification of
an interleukin (IL)-25-dependent cell population that provides
IL-4, IL-5, and IL-13 at the onset of helminth expulsion.
J Exp Med 2006, 203:1105-1116.

These two studies [9��,10��] indicate that IL-25 might play an important
role in the development of Th2 responses.

10.
��

Owyang AM, Zaph C, Wilson EH, Guild KJ, McClanahan T,
Miller HR, Cua DJ, Goldschmidt M, Hunter CA, Kastelein RA et al.:
Interleukin 25 regulates type 2 cytokine-dependent immunity
and limits chronic inflammation in the gastrointestinal tract.
J Exp Med 2006, 203:843-849.

See annotation to [9��].

11. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B,
Sedgwick JD, McClanahan T, Kastelein RA, Cua DJ: IL-23 drives
a pathogenic T cell population that induces autoimmune
inflammation. J Exp Med 2005, 201:233-240.

12. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B:
TGFbeta in the context of an inflammatory cytokine milieu
supports de novo differentiation of IL-17-producing T cells.
Immunity 2006, 24:179-189.

13. Hurst SD, Muchamuel T, Gorman DM, Gilbert JM, Clifford T,
Kwan S, Menon S, Seymour B, Jackson C, Kung TT et al.:
New IL-17 family members promote Th1 or Th2 responses in
the lung: in vivo function of the novel cytokine IL-25.
J Immunol 2002, 169:443-453.

14.
�

Berry MA, Hargadon B, Shelley M, Parker D, Shaw DE, Green RH,
Bradding P, Brightling CE, Wardlaw AJ, Pavord ID: Evidence of a

role of tumor necrosis factor alpha in refractory asthma.
N Engl J Med 2006, 354:697-708.

This is the first major study to show that neutralization of TNF-a can result
in significant improvement in asthma symptoms.

15. Polte T, Foell J, Werner C, Hoymann HG, Braun A, Burdach S,
Mittler RS, Hansen G: CD137-mediated immunotherapy for
allergic asthma. J Clin Invest 2006, 116:1025-1036.

16. Cho YS, Kwon B, Lee TH, Kim TB, Moon KA, La S, Lee J, Lee SD,
Oh YM, Moon HB: 4-1 BB stimulation inhibits allergen-specific
immunoglobulin E production and airway hyper-reactivity
but partially suppresses bronchial eosinophilic
inflammation in a mouse asthma model.
Clin Exp Allergy 2006, 36:377-385.

17. Peng T, Hao L, Madri JA, Su X, Elias JA, Stahl GL, Squinto S,
Wang Y: Role of C5 in the development of airway inflammation,
airway hyperresponsiveness, and ongoing airway response.
J Clin Invest 2005, 115:1590-1600.

18. Kohl J, Baelder R, Lewkowich IP, Pandey MK, Hawlisch H,
Wang L, Best J, Herman NS, Sproles AA, Zwirner J et al.:
A regulatory role for the C5a anaphylatoxin in type 2 immunity
in asthma. J Clin Invest 2006, 116:783-796.

19. Akbari O, Stock P, Meyer E, Kronenberg M, Sidobre S,
Nakayama T, Taniguchi M, Grusby MJ, DeKruyff RH, Umetsu DT:
Essential role of NKT cells producing IL-4 and IL-13 in the
development of allergen-induced airway hyperreactivity.
Nat Med 2003, 9:582-588.

20. Meyer EH, Goya S, Akbari O, Berry GJ, Savage PB, Kronenberg M,
Nakayama T, DeKruyff RH, Umetsu DT: Glycolipid activation of
invariant T cell receptor+ NK T cells is sufficient to induce
airway hyperreactivity independent of conventional CD4+ T
cells. Proc Natl Acad Sci USA 2006, 103:2782-2787.

21. Agea E, Russano A, Bistoni O, Mannucci R, Nicoletti I, Corazzi L,
Postle A, De Libero G, Porcelli S, Spinozzi F: Human CD1-
restricted T cell recognition of lipids from pollens.
J Exp Med 2005, 202:295-308.

22. Morishima Y, Ishii Y, Kimura T, Shibuya A, Shibuya K, Hegab AE,
Iizuka T, Kiwamoto T, Matsuno Y, Sakamoto T et al.: Suppression
of eosinophilic airway inflammation by treatment with a-
galactosylceramide. Eur J Immunol 2005, 35:2803-2814.

23. Matsuda H, Suda T, Sato J, Nagata T, Koide Y, Chida K,
Nakamura H: a-Galactosylceramide, a ligand of natural killer T
cells, inhibits allergic airway inflammation. Am J Respir Cell Mol
Biol 2005, 33:22-31.

24. Hachem P, Lisbonne M, Michel ML, Diem S, Roongapinun S,
Lefort J, Marchal G, Herbelin A, Askenase PW, Dy M et al.:
a-galactosylceramide-induced iNKT cells suppress
experimental allergic asthma in sensitized mice: role of IFN-g.
Eur J Immunol 2005, 35:2793-2802.

25. Parekh VV, Wilson MT, Olivares-Villagomez D, Singh AK, Wu L,
Wang CR, Joyce S, Van Kaer L: Glycolipid antigen induces long-
term natural killer T cell anergy in mice. J Clin Invest 2005,
115:2572-2583.

26.
��

Akbari O, Faul JL, Hoyte EG, Berry GJ, Wahlstrom J,
Kronenberg M, DeKruyff RH, Umetsu DT: CD4+ invariant T-cell-
receptor+ natural killer T cells in bronchial asthma.
N Engl J Med 2006, 354:1117-1129.

The large number of NKT cells present in the lungs of patients with
moderate-to-severe asthma is surprising but is consistent with studies in
mice, demonstrating that NKT cells are required and sufficient for the
development of asthma [18,19].

27. Ikegami Y, Yokoyama A, Haruta Y, Hiyama K, Kohno N:
Circulating natural killer T cells in patients with asthma.
J Asthma 2004, 41:877-882.

28.
��

Boldogh I, Bacsi A, Choudhury BK, Dharajiya N, Alam R, Hazra TK,
Mitra S, Goldblum RM, Sur S: ROS generated by pollen NADPH
oxidase provide a signal that augments antigen-induced
allergic airway inflammation. J Clin Invest 2005, 115:2169-2179.

This study suggests that oxidase activity in allergens might provide
significant adjuvant activity. These results are consistent with other
studies (see [29]), which suggests that oxidative stress plays an important
role in the pathogenesis of asthma.

Immune dysregulation in asthma Umetsu and DeKruyff 731

www.sciencedirect.com Current Opinion in Immunology 2006, 18:727–732



Aut
ho

r's
   

pe
rs

on
al

   
co

py

29. Rangasamy T, Guo J, Mitzner WA, Roman J, Singh A, Fryer AD,
Yamamoto M, Kensler TW, Tuder RM, Georas SN et al.:
Disruption of Nrf2 enhances susceptibility to severe
airway inflammation and asthma in mice.
J Exp Med 2005, 202:47-59.

30. Wilson DR, Lima MT, Durham SR: Sublingual immunotherapy for
allergic rhinitis: systematic review and meta-analysis.
Allergy 2005, 60:4-12.

31. Stock P, Akbari O, Berry G, Freeman G, DeKruyff R, Umetsu DT:
Induction of TH1-like regulatory cells that express Foxp3 and
protect against airway hyperreactivity. Nat Immunol 2004,
5:1149-1156.

32. Frick O, Teuber S, Buchanan B, Morigasaki S, Umetsu D: Allergen
immunotherapy with heat-killed Listeria monocytogenes
(HKL) alleviates peanut and food-induced anaphylaxis in dogs.
Allergy 2005, 60:243-250.

33. Verhoef A, Alexander C, Kay AB, Larche M: T cell epitope
immunotherapy induces a CD4+ T cell population with
regulatory activity. PLoS Med 2005, 2:e78.

34. Ostroukhova M, Qi Z, Oriss TB, Dixon-McCarthy B, Ray P, Ray A:
Treg-mediated immunosuppression involves activation of the
Notch–HES1 axis by membrane-bound TGF-b. J Clin Invest
2006, 116:996-1004.

35. Kearley J, Barker JE, Robinson DS, 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 2005, 202:1539-1547.

36. Lewkowich IP, Herman NS, Schleifer KW, Dance MP, Chen BL,
Dienger KM, Sproles AA, Shah JS, Kohl J, Belkaid Y et al.:
CD4+CD25+ T cells protect against experimentally induced
asthma and alter pulmonary dendritic cell phenotype and
function. J Exp Med 2005, 202:1549-1561.

37.
��

Fontenot JD, Rasmussen JP, Williams LM, Dooley JL, Farr AG,
Rudensky AY: Regulatory T cell lineage specification by the
forkhead transcription factor foxp3. Immunity 2005,
22:329-341.

This study provides further evidence that Foxp3 is a specific marker for
TReg, even in the absence of CD25.

38. Stassen M, Jonuleit H, Muller C, Klein M, Richter C, Bopp T,
Schmitt S, Schmitt E: Differential regulatory capacity of CD25+ T
regulatory cells and preactivated CD25+ T regulatory cells on
development, functional activation, and proliferation of Th2
cells. J Immunol 2004, 173:267-274.

39. Wilson M, Taylor M, Balic A, Finney C, Lamb J, Maizels R:
Suppression of allergic airway inflammation by
helminth-induced regulatory T cells. J Exp Med 2005,
202:1199-1212.

40. Umetsu S, Lee W, McIntire J, Downey L, Sanjanwala B, Akbari O,
Berry G, Nagumo H, Freeman G, Umetsu D et al.: TIM-1 induces T

cell activation and inhibits the development of peripheral
tolerance. Nat Immunol 2005, 6:447-454.

41. McIntire J, Umetsu S, Macaubas C, Hoyte E, Cinnioglu C,
Cavalli-Sforza L, Barsh G, Hallmayer J, Underhill P, Risch N et al.:
Immunology: hepatitis A virus link to atopic disease.
Nature 2003, 425:576.

42. Meyers J, Chakravarti S, Schlesinger D, Illes D, Waldner H,
Umetsu S, Kenny J, Zheng X, Umetsu D, DeKruyff R et al.:
Tim-4 is the ligand for Tim-1, and the Tim-1–Tim-4 interaction
regulates T cell expansion. Nat Immunol 2005, 6:455-464.

43. Stock P, Akbari O, DeKruyff R, Umetsu D: Respiratory tolerance
is inhibited by the administration of corticosteroids.
J Immunol 2005, 175:7380-7387.

44.
�

Macaubas C, Wahlstrom J, Galvao da Silva AP, Forsthuber TG,
Sonderstrup G, Kwok WW, DeKruyff RH, Umetsu DT: Allergen-
specific MHC class II tetramer+ cells are detectable in allergic,
but not in nonallergic, individuals. J Immunol 2006,
176:5069-5077.

In this study, the authors use class II MHC tetramers to specifically
identify allergen-specific CD4+ T cells in both allergic and non-allergic
individuals, and demonstrate that allergen-specific CD4+ T cells are
undetectable in non-allergic individuals.

45. Hessel EM, Chu M, Lizcano JO, Chang B, Herman N, Kell SA,
Wills-Karp M, Coffman RL: Immunostimulatory
oligonucleotides block allergic airway inflammation by
inhibiting Th2 cell activation and IgE-mediated cytokine
induction. J Exp Med 2005, 202:1563-1573.

46.
�

Jiang D, Liang J, Fan J, Yu S, Chen S, Luo Y, Prestwich GD,
Mascarenhas MM, Garg HG, Quinn DA et al.: Regulation of lung
injury and repair by Toll-like receptors and hyaluronan.
Nat Med 2005, 11:1173-1179.

This study demonstrates that extracellular matrix hyaluronan can have
both protective and inflammatory effects in the lung, mediated through
TLR4 and TLR2.

47.
��

Bashir ME, Louie S, Shi HN, Nagler-Anderson C: Toll-like
receptor 4 signaling by intestinal microbes influences
susceptibility to food allergy. J Immunol 2004, 172:6978-6987.

These two studies [47��,48��] suggest that commensal bacterial are
critically involved in the development of tolerance to allergens in food,
and potentially in inhaled allergens.

48.
��

Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S,
Medzhitov R: Recognition of commensal microflora by Toll-like
receptors is required for intestinal homeostasis.
Cell 2004, 118:229-241.

See annotation to [47��].

49. Wark PA, Johnston SL, Bucchieri F, Powell R, Puddicombe S,
Laza-Stanca V, Holgate ST, Davies DE: Asthmatic bronchial
epithelial cells have a deficient innate immune response to
infection with rhinovirus. J Exp Med 2005, 201:937-947.

732 Allergy and hypersensitivity

Current Opinion in Immunology 2006, 18:727–732 www.sciencedirect.com


