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The	prevalence	of	asthma	continues	to	increase.	Asthma	is	caused	by	a	Th2	cell–driven	immune	response.	
Its	optimal	treatment	remains	a	challenge,	and	a	sufficient	immunotherapeutic	approach	to	treating	asthma	
has	yet	to	be	found.	Using	a	murine	asthma	model,	we	show	that	a	single	injection	of	an	anti-CD137	(4-1BB)	
mAb	prevents	the	development	of	airway	hyperreactivity,	eosinophilic	airway	inflammation,	excessive	mucus	
production,	and	elevated	IgE	during	the	observation	period	of	7	weeks.	Most	importantly,	even	established	
disease	is	completely	reversed	by	anti-CD137	mAb	administration.	The	protection	is	associated	with	markedly	
reduced	Th2	cytokine	production	and	increased	secretion	of	the	Th1	cytokine	IFN-γ.	While	B	lymphocytes	
are	partly	depleted,	the	number	of	CD8+	T	cells	is	increased.	Blockade	of	IFN-γ	and	depletion	of	CD8+	T	cells	
during	treatment	with	anti-CD137	mAb	reduces	in	part	but	does	not	abrogate	the	protective	effect	of	CD137	
mAb.	In	contrast,	CD137	mAb–mediated	CD4+	T	cell	anergy	is	critical	for	the	observed	effects,	since	transfer	
of	CD4+	T	cells	from	CD137	mAb–treated	mice	conveyed	protection.	These	data	demonstrate,	for	the	first	time	
to	our	knowledge,	the	capacity	of	anti-CD137	mAb	to	ameliorate	allergic	asthma,	and	they	indicate	CD137	as	
a	possible	target	for	therapeutic	intervention	in	this	disease.

Introduction
Asthma, which has increased substantially in prevalence in the last 
2 decades, is characterized by airway hyperreactivity (AHR) to a 
variety of specific and nonspecific stimuli; chronic airway inflam-
mation with pulmonary eosinophilia; mucus hypersecretion; and 
increased serum IgE levels (1). Asthma is believed to be a result of 
an inappropriate Th2 cell–mediated immune response to common 
aeroallergens in genetically susceptible individuals. Although the 
immunological mechanisms that induce asthma or allergies are 
relatively well characterized, the specific mechanisms that down-
modulate Th2 cell–driven allergic inflammatory responses in the 
lung are poorly understood. Current therapies for asthma, such 
as inhaled corticosteroids and β2-agonists, relieve symptoms but 
do not reverse the progression of or cure this disease, and a suffi-
cient immunotherapeutic approach to treating asthma has yet to 
be found. So far, it is not clear whether there are certain molecu-
lar interactions that could be targeted to either suppress ongoing 
lung inflammation or prevent the recurrence of asthmatic symp-
toms when airborne allergens are repeatedly encountered.

One causal strategy to control asthma is to directly modify T 
cell activation by targeting costimulatory interactions that are 
involved in this process (2). Optimal T cell activation requires at 
least 2 signals, provided by recognition of peptide-MHC proteins 
by the TCR, and by interaction of T cell costimulatory receptors 
with their ligands on APCs. The ligation of the CD28 molecule 
on T cells to B7-1 or B7-2 on APCs is essential for naive T cell sur-
vival and differentiation. Memory T cell responses are often CD28 

costimulation independent, and many other molecules positively 
or negatively influence T cell activation and differentiation (3–5).

One of these other costimulatory molecules is CD137 (4-1BB), a 
member of the TNF receptor family (6). It is expressed on activat-
ed T cells, NK cells, and DCs, while its ligand, CD137L, has been 
detected on mature DCs, activated macrophages, and activated B 
cells (7). It has been shown that CD137 can costimulate T cell acti-
vation and proliferation (8, 9), enhances the survival of activated 
T cells (10), and suppresses CD4+ T cell help during T cell–depen-
dent humoral immune responses (11). Previous animal studies 
have shown that short-term administration of agonistic mAbs 
against the costimulatory molecule CD137 induces rejection of 
established tumors (12, 13), enhances the CD8+ T cell responses 
to viruses (14), blocks autoimmune disease progression (15, 16), 
and suppresses rheumatoid arthritis (17, 18). So far it seemed that 
costimulation through CD137 preferentially induces Th1 respons-
es and CD8+ T cell proliferation (16, 19, 20). However, recently 
it has been shown in a model of LPS-induced shock syndromes 
that CD137-deficient mice do not generate a rapid IL-4 response 
after systemic T cell activation, nor effective antigen-specific	Th2 
responses (21). These data support a role for CD137 also in IL-4– 
dependent Th2 responses such as allergic diseases. However, the 
role of CD137 in allergic diseases is mostly unknown. There is just 
1 human study demonstrating that functional CD137 receptors 
are expressed by eosinophils from patients with IgE-mediated 
allergic responses but not by eosinophils from patients with non–
IgE-mediated eosinophilic disorders (22).

In the present study, we investigated the role of CD137 in a 
murine model of allergic asthma and found that CD137 is critical 
in determining the outcome of this Th2 cell–mediated disease. A 
single injection of an agonistic anti-CD137 mAb was able to inhibit 
AHR, eosinophilic airway inflammation, Th2 cytokine production, 
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and specific IgE synthesis for the complete observation period of 
almost 7 weeks. Most important, CD137 signaling was essential 
not only during priming but also in the effector cell response of this 
disease, since anti-CD137 mAb could reverse already established 
asthma when applied 11 days or even as late as 32 days after the 
first immunization. Signs of airway remodeling such as increased 
subepithelial deposition of ECM proteins and the amount of total 
lung collagen, seen 42 days after the first OVA immunization, were 
clearly decreased by anti-CD137 mAb therapy. The observed protec-
tive effects of anti-CD137 mAb depended partly on CD8+ T cells 
and IFN-γ but could also be traced back to CD4+ T cell anergy. The 
findings reported here show that CD137 signaling plays a central 
role in Th2 cell–mediated immune responses and indicate that 
strategies aimed at stimulation of CD137 may represent a thera-
peutic target during allergic inflammatory responses and other 
disorders characterized by inappropriate T cell activation.

Results
Agonistic anti-CD137 mAb prevents the development of AHR and airway 
inflammation in OVA-immunized BALB/c mice. To investigate the role 
of the costimulatory molecule CD137 in the Th2 cell–mediated 
immune response of allergic asthma, we tested an agonistic anti-
CD137 mAb in our well-established murine asthma model (23, 24). 
In this model, an asthma-like phenotype with AHR, eosinophilic 
airway inflammation, mucus hypersecretion, and high IgE levels is 
induced by sensitization of mice to OVA by systemic and intrapul-
monary applications of this model allergen (Figure 1). Injection of 
anti-CD137 mAb 1 day before the beginning of OVA priming com-
pletely prevented the development of methacholine-induced AHR 
in BALB/c mice as measured in a whole-body plethysmograph for 
mice 1 day after the last intranasal OVA challenge (day 17, Fig-
ure 2A). Even 45 days after a single anti-CD137 mAb injection, 
AHR was still completely inhibited as compared with OVA-immu-
nized control mice that had received an isotype-matched antibody 
instead of anti-CD137 mAb (Figure 2A).

Agonistic anti-CD137 mAb was also very effective in inhibiting the 
development of eosinophilic airway inflammation in OVA-immu-

nized BALB/c mice. Injection of anti-CD137 mAb before OVA prim-
ing reduced the total cell number as well as the number of eosin-
ophils in the bronchoalveolar lavage (BAL) fluid almost 6-fold as 
compared with the OVA-immunized control group when BAL was 
performed on day 18 (Figure 2B). Similar to the observations made 
with AHR, the antiinflammatory effect of a single anti-CD137 mAb 
injection lasted for more than 6 weeks as demonstrated by analysis 
of BAL fluid 46 days after anti-CD137 mAb injection (Figure 2B).

Accordingly, histological examination of H&E-stained  lung 
sections isolated from OVA-immunized mice 46 days after injec-
tion of anti-CD137 mAb or control mAb revealed significantly 
decreased airway inflammation in the anti-CD137 mAb–treated 
group compared with the control group (Figure 2C). Inhibition 
of airway inflammation by anti-CD137 mAb could be verified by 
an objective, investigator-independent computer program based 
on morphometric image analysis of lung sections from at least 9 
animals per group (Figure 2D).

Not only airway inflammation but also mucus production were 
impressively reduced by anti-CD137 mAb injection as revealed by 
histological analysis of PAS-stained lung sections 46 days after 
anti-CD137 mAb injection (Figure 2E). As for lung inflammation, 
this effect could be verified by our investigator-independent com-
puter-based analysis of the PAS-stained lung sections (Figure 2F).

To investigate the effect of anti-CD137 mAb on cytokine produc-
tion in OVA-immunized BALB/c mice, spleen cells were isolated 17 
and 46 days after antibody injection and restimulated in vitro with 
OVA for 3 days. Analysis of cytokine levels in cell culture super-
natants showed that anti-CD137 mAb significantly decreased the 
production of the Th2 cytokines IL-4, IL-13, IL-5, and IL-10 and 
at the same time significantly increased IFN-γ production (Figure 
2G). Although these effects diminished over time, they were still 
significant 46 days after anti-CD137 mAb injection. In parallel, 
ex vivo proliferation of OVA-stimulated splenocytes isolated from 
these animals was almost completely inhibited at both measure-
ment points (Figure 2H).

In parallel, serum levels of OVA-specific IgE and IgG1 were entire-
ly inhibited in the anti-CD137 mAb–treated group 17 and 46 days 

Figure 1
Immunization and antibody treatments. Prevention protocol: Mice were 
immunized with OVA i.p. on days 1 and 14, followed by intranasal 
(i.n.) OVA challenges on days 14–16, 28–30, and 42–44. Anti-CD137 
mAbs were injected i.p. 1 day before the first OVA immunization. AHR 
was measured on days 17 and 45, and mice were sacrificed on day 18 
(acute phase) or 46 (chronic phase). Reversal protocol I: Mice were 
immunized with OVA i.p. on day 1, followed by intranasal OVA chal-
lenges on days 8–10. To confirm the induction of AHR by OVA sensiti-
zation, AHR was measured the following day. Anti-CD137 mAb or con-
trol mAb was injected i.p. 12 hours after AHR measurement on day 11. 
Intranasal OVA challenge was repeated on days 15–17, and AHR was 
measured on day 18. Mice were sacrificed the following day. Reversal 
protocol II: Mice were immunized with OVA i.p. on day 1, followed by 
intranasal OVA challenges on days 8–10, 14–16, 21–23, and 29–31. 
To confirm the induction of AHR by OVA sensitization, AHR was mea-
sured the following day. Anti-CD137 mAb or control mAb was injected 
i.p. 12 hours after AHR measurement on day 32. Intranasal OVA chal-
lenge was repeated on days 39–41, and AHR was measured on day 
42. Mice were sacrificed the following day (indicated by cross).
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after anti-CD137 mAb injection (Figure 2I), while the effects on 
OVA-specific IgG2a were not consistent (data not shown).

Anti-CD137 mAb treatment led to splenomegaly 17 days after 
antibody injection that could not be observed anymore 46 days 

after the antibody had been applied. The transient increase in size 
and weight (OVA: 0.162 ±	0.016 g; OVA plus anti-CD137 mAb: 
0.325 ± 0.065 g) of the spleens could not be explained by differenc-
es in total cell numbers of the spleens (OVA: 8.25 × 106 ± 1.28 × 106 

Figure 2
Agonistic anti-CD137 mAb prevents AHR and eosinophilic airway inflammation in OVA-immunized BALB/c mice. (A) Methacholine-induced AHR 
was measured 17 and 45 days after antibody injection. At both time points, anti-CD137 mAb completely inhibited AHR in OVA-immunized mice 
(measured by enhanced pause [Penh]). (B) The increased cell number in the BAL fluid of OVA-immunized mice was almost completely abrogat-
ed by anti-CD137 mAb at both observation points. (C) Lung tissues from BALB/c mice sacrificed on day 46 (H&E; magnification, ×100) revealed 
dense peribronchiolar mononuclear cell infiltrates consisting mainly of lymphocytes and eosinophils in the OVA-immunized group. Inflammation 
was strongly reduced by anti-CD137 mAb. (D) Computer-based quantification of lung inflammation clearly demonstrated the significant anti-
inflammatory effect of anti-CD137 mAb. (E) PAS-stained lung sections (magnification, ×100) revealed mucus hypersecretion in OVA-immunized 
mice compared with controls, which was almost abrogated by anti-CD137 mAb. (F) Computer-based quantification of mucus production clearly 
verified inhibition of mucus production by anti-CD137 mAb. (G) Anti-CD137 mAb inhibited Th2 and induced Th1 cytokine production. This effect 
was still significant on day 46. (H) Anti-CD137 mAb almost completely inhibited proliferation of spleen cells of OVA-immunized BALB/c mice. 
(I) Anti-CD137 mAb significantly reduced OVA-specific IgE and IgG1 serum levels on days 18 and 46 in OVA-immunized mice. *P < 0.05, OVA 
plus anti-CD137 mAb versus OVA plus control antibody by Student’s t test. (A–F) n ≥ 9 animals per group and data point; data are expressed as  
mean ± SEM from 3 independent experiments. (G–I) n ≥ 4 animals per group; here representative results from 1 of 3 experiments are shown.
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cells/ml; OVA plus anti-CD137 mAb: 8.92 × 106 ± 2.29 × 106 cells/
ml; n = 9) but may have been partly due to an increase in connec-
tive tissue, as revealed by histological analysis of the spleens. Forty-
six days after anti-CD137 mAb injection, appearance, weight, and 
histology of the spleen were back to normal (data not shown). The 
observed transient splenomegaly after anti-CD137 mAb treatment 
has also been seen in other studies (16, 25).

In summary, stimulation of the CD137 costimulatory pathway 
by an agonistic mAb prevented the development of AHR, eosino-
philic airway inflammation, and mucus production in OVA-immu-
nized BALB/c mice. These effects were accompanied by inhibition 
of Th2 cytokine production, stimulation of Th1 cytokine produc-
tion, and inhibition of IgE serum levels, as well as inhibition of 
splenocyte proliferation. All effects were observed 17 as well as 46 
days after a single injection of anti-CD137 mAb.

Agonistic anti-CD137 mAb reverses an established asthma phenotype 
in OVA-immunized BALB/c mice. To test the therapeutic potential 

of anti-CD137 mAb, we first immunized BALB/c mice with OVA 
and then injected the agonistic anti-CD137 mAb after the asthma 
phenotype was already fully established. Treatment of OVA-immu-
nized mice with anti-CD137 mAb abolished AHR and eosinophil-
ic airway inflammation (Figure 3, A and C), demonstrating that 
anti-CD137 mAb treatment is capable of reversing very effectively 
these 2 key features of allergic asthma. We confirmed the inhibi-
tory effect of anti-CD137 mAb on AHR in orotracheally intubated, 
spontaneously breathing mice by assessing AHR using direct inva-
sive assays for dynamic compliance and lung resistance in the anti-
CD137 mAb–treated animals (Figure 3B).

In the therapy model, as in the prevention model, the inhibi-
tory effect of anti-CD137 mAb on AHR and inflammation was 
associated with significant inhibition of the Th2 cytokines IL-4, 
IL-13, IL-5, and IL-10 and induction of the Th1 cytokine IFN-γ, 
measured in cell culture supernatants of OVA-stimulated spleen 
(Figure 3D) and lung cells (data not shown). Moreover, injection 

Figure 3
Therapeutic effect of anti-CD137 mAb on the established asthma phenotype. BALB/c mice were immunized with OVA on day 1 and challenged 
with OVA intranasally on days 8–10. After treatment with anti-CD137 mAb or control mAb on day 11, mice were challenged again with OVA on 
days 15–17. (A) OVA immunization resulted in methacholine-induced AHR as measured 1 day after the last intranasal OVA challenge (day 10). 
Injection of anti-CD137 mAb 12 hours after the first AHR measurement (day 11) completely inhibited this already established AHR as demon-
strated 7 days later. (B) After the last challenge with OVA (day 17), AHR was assessed invasively on day 18, and results are presented as lung 
resistance (RL) and dynamic compliance (Cdyn). (C) Mice were sacrificed on day 18, and BAL was performed. Anti-CD137 mAb almost com-
pletely abrogated the total cell number in the BAL fluid of OVA-immunized BALB/c mice. (D) Anti-CD137 mAb converted an established Th2 to a 
Th1 cytokine response in OVA-immunized BALB/c mice. (E) Anti-CD137 mAb inhibited proliferation of spleen cells from OVA-immunized BALB/c 
mice. (F) Anti-CD137 mAb reduced OVA-specific IgE and IgG1 serum levels in OVA-immunized BALB/c mice. *P < 0.05, OVA plus anti-CD137 
mAb versus OVA plus control antibody by Student’s t test. (A and B) n ≥ 9 animals per group and data point; data are expressed as mean ± SEM 
from 3 independent experiments. (C–E) n ≥ 4 animals for each group; here representative results from 1 of 3 experiments are shown.
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of anti-CD137 mAb into OVA-immunized mice almost completely 
inhibited the ex vivo proliferation of OVA-stimulated splenocytes 
isolated from these animals (Figure 3E).

FACS analysis of the different cell types of BALB/c mice revealed a 
nearly 2-fold increase in the percentage (11.5% to 19.4%, OVA to OVA 
plus anti-CD137 mAb) and total number (0.95 × 107 ± 0.01 × 107  
to 1.7 × 107 ± 0.02 × 107) of CD8+ T cells (Table 1) in the anti-
CD137 mAb–treated group. However, we observed no significant 
changes in the percentage and total number of CD4+ T cells and 
CD4+CD25+ T cells (Table 1).

The anti-CD137 mAb–mediated decrease in B cells (46.5% to 
26.6%, and total cell number 3.85 × 107 ± 0.023 × 107 to 2.37 × 107 
± 0.46 × 107, OVA to OVA plus anti-CD137 mAb; Table 1) was asso-
ciated with a significant inhibition of OVA-specific IgE and IgG1 
serum levels (Figure 3F).

Very impressively, the inhibitory effect of anti-CD137 mAb on 
the asthma phenotype was virtually the same when anti-CD137 
mAb was injected more than 4 weeks after the first immunization 
with OVA (Figure 1, reversal II, and Figure 4, A–E). This was true for 
all measured parameters, including AHR, lung inflammation, and 
cytokine and Ig production, demonstrating that anti-CD137 mAb 
really reverses the disease. Also, inhibition of Th2 cytokines and 
induction of Th1 cytokine was comparable in the supernatants of 
lung and spleen cells when the antibody was applied on day 32 after 
the first immunization instead of day 11 (Figure 4, D and E).

Furthermore, in this long-lasting asthma model, we investi-
gated the effect of anti-CD137 mAb therapy on airway remodel-
ing. Increased subepithelial deposition of ECM proteins, specifi-
cally collagen, is a prominent feature of airway remodeling. We 
examined matrix deposition (collagen and fibrin) in lung sections 
stained with martius scarlet blue (MSB). This staining has been 
shown to be specific for collagen and old fibrin (26, 27).	Con-
trol mice that had not been immunized to OVA showed a thin 
uniform layer of matrix in peribronchiolar subepithelial regions, 
whereas prolonged challenge with OVA significantly increased 
matrix deposition in the subepithelial layer of the bronchioles. 
Dense  fibrils  were  seen  in  the  subepithelial  and  submucosal 
regions and between the inflammatory cells. Anti-CD137 mAb 
treatment clearly reduced ECM deposition (Figure 5A). Quanti-
fication by computer-based image analysis of MSB-stained lung 
sections confirmed these results (Figure 5B). The therapeutic 

effect of anti-CD137 mAb on airway remodel-
ing demonstrated by lung histology was also 
shown by biochemical measurement of total 
lung collagen. Application of anti-CD137 mAb 
significantly reduced the amount of total lung 
collagen  in  anti-CD137  mAb–treated  mice 
compared with mice that had received control 
antibody instead (Figure 5C). In summary, our 
data clearly demonstrate a therapeutic effect of 
anti-CD137 mAb on airway remodeling in our 
murine asthma model.

Anti-CD137 mAb–driven protective effects on air-
way inflammation and AHR depend partly on CD8+ 
T cells and IFN-γ. Previous studies have shown 
a critical role for both CD8+ T cells and IFN-γ 
in mediating the effects of CD137 (15, 17). In 
our  model,  the  number  of  CD8+  T  cells  and 
the secretion of IFN-γ were increased by anti-
CD137 mAb, supporting a possible role of these 

2 parameters. To investigate the mechanisms underlying the thera-
peutic effect of anti-CD137 mAb in the murine asthma model, we 
depleted CD8+ T cells and blocked IFN-γ by using specific anti-
CD8 mAb or anti–IFN-γ mAb. Injection of anti-CD8 mAb resulted 
in 99% depletion of CD8+ cells compared with those in control 
animals (data not shown). Depletion of CD8+ T cells and block-
ade of IFN-γ had similar effects: both significantly reduced the 
therapeutic effect of anti-CD137 mAb treatment on AHR (Figure 
6, A and B) and eosinophilic inflammation (Figure 6, C and D) 
in OVA-sensitized BALB/c mice. While the effect of CD8+ T cell 
depletion and IFN-γ blocking on AHR was comparable, the effect 
of anti–IFN-γ on the inflammatory response was higher than that 
of CD8+ T cell depletion (Figure 6, C and D).

AHR and airway inflammation of OVA-immunized mice that 
received only anti-CD8 mAb or anti–IFN-γ mAb but not CD137 
mAb were not significantly changed, which demonstrates that 
the observed effects of IFN-γ inhibition and CD8+ T cell depletion 
were indeed specific for CD137 (Figure 6, A–D).

Since anti-CD137 mAb treatment increases IFN-γ production of 
CD8+ T cells as seen by intracellular FACS staining, the observed 
effect of CD8+ T cell depletion might have been due to IFN-γ pro-
duced by these cells. In contrast to the observed effects on AHR 
and inflammation, CD8+ T cell depletion and blocking of IFN-γ 
did not alter the anti-CD137 mAb–mediated inhibition of Th2 
cytokine production (Figure 6, E and F) and Ig synthesis (data not 
shown). This was surprising, since, on the one hand, IFN-γ inhibits 
Th2 cytokine production in many systems, and, on the other hand, 
the number of CD19+ B cells was normalized after CD8+ T cell 
depletion in anti-CD137 mAb–treated mice as opposed to anti-
CD137 mAb–treated but not CD8+ T cell–depleted mice (data not 
shown). Our data demonstrate that inhibition of AHR and eosino-
philic airway inflammation by anti-CD137 mAb is mediated part-
ly, but nowhere near completely, by CD8+ T cells and IFN-γ.

Anti-CD137 mAb induces CD4+ T cell anergy. Since the anti-CD137 
mAb–mediated effects  in  the Th2 cell–driven murine asthma 
model depended only partly on CD8+ T cells and IFN-γ, we further 
investigated how the protective effect of CD137 mAb is mediated 
by analyzing the role of CD4+ T cells in the anti-CD137 mAb–
mediated protective effects. CD4+ T cells play the crucial role in 
the asthma pathogenesis, as demonstrated by a large series of ani-
mal models showing that the initiation of the asthmatic reaction 

Table 1
Effects of anti-CD137 mAb on lymphocyte populations

	 Total	cell	number	(×107)
Lymphocytes	 Alum	 OVA	+	control	Ab	 OVA	+	anti-CD137
CD8+ 0.86 ± 0.001 (10.8%) 0.95 ± 0.01 (11.5%) 1.71 ± 0.02A (19.4%)
CD19+ 3.18 ± 0.06 (39.7%) 3.85 ± 0.02 (46.5%) 2.37 ± 0.46A (26.6%)
CD4+ 1.61 ± 0.13 (20.0%) 1.67 ± 0.22 (20.3%) 2.07 ± 0.57 (23.2%)
CD4+CD25+ 0.56 ± 0.13 (7%) 0.65 ± 0.09 (7.9%) 0.50 ± 0.07 (5.7%)

BALB/c mice were immunized with OVA on day 1 and challenged with OVA intranasally on 
days 8–10. After treatment with anti-CD137 mAb or control mAb on day 11, mice were chal-
lenged again with OVA on days 15–17. On day 18, mice were sacrificed, and spleen cells 
were stained with specific mAbs as described in Methods for FACS analysis. Anti-CD137 
mAb increased the number of CD8+ T cells, had no influence on the number of CD4+ and 
CD4+CD25+ T cells, and depleted CD19+ B cells of splenocytes in OVA-immunized BALB/c 
mice. AP < 0.05, OVA plus anti-CD137 mAb versus OVA plus control antibody by Student’s t 
test. Data are expressed as mean ± SEM from 3 independent experiments; n ≥ 4 animals per 
group and data point.
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is dependent on CD4+ T cells (28, 29),	with the strongest evidence 
provided by experiments in which passive transfer of Th2 cell 
clones is able to induce AHR and inflammation in immunodefi-
cient and immunocompetent mice (23, 30, 31).

To investigate the role of CD4+ T cells in the CD137-mediated 
effects in our model, we treated OVA-immunized BALB/c mice 
with anti-CD137 mAb or control mAb. CD4+ T cells were isolated 
from these animals and transferred into SCID mice that received 
OVA intranasally 1 day before and 2 days after cell transfer. While 
transfer of CD4+ T cells from OVA-immunized mice that had 
received the control mAb significantly induced AHR in response 
to methacholine in the T cell recipients, this effect was almost 
abrogated when CD4+ T cells from OVA-immunized and anti-
CD137 mAb–treated BALB/c mice were transferred (Figure 7A). 
While CD4+ T cells derived from OVA-immunized BALB/c mice 
strongly proliferated in response to OVA, there was no prolifera-
tion of CD4+ T cells derived from anti-CD137 mAb–treated OVA-
immunized animals (Figure 7B). CD4+ T cell death was excluded 
by viability assay with trypan blue (data not shown). In the pres-

ence of IL-2, CD4+ T cells from anti-CD137 mAb–treated OVA-
immunized mice proliferated again (Figure 7B). Moreover, in the 
presence of IL-2, reduced Th2 cytokine production from CD4+ T 
cells derived from anti-CD137 mAb–treated OVA-immunized mice 
was almost back to normal (Figure 7C). Coculture of unresponsive 
CD4+ T cells with CD4+ effector cells did not result in inhibition of 
effector cells, as one would expect from T regulatory cells (data not 
shown). These findings support the induction of classical T cell 
anergy by CD137 mAb in the murine asthma model.

Our data do not show a role for CD4+CD25+ T cells or IL-10 and 
TGF-β in mediating CD4+ T cell anergy, since we did not see any 
effect on the number of CD4+CD25+ T cells (Table 1) or an increase 
of  IL-10  or  TGF-β  after  anti-CD137  mAb  injection.  In  con-
trast, IL-10 was even decreased (Figures 2G and 3D), and TGF-β  
was not significantly changed (253 ± 37 to 198 ± 16 pg/ml, OVA 
to OVA plus anti-CD137).

In summary, our data demonstrate  the crucial  role of anti-
CD137 mAb–induced CD4+ T cell anergy in the protective effects 
of anti-CD137 mAb in the murine asthma model.

Figure 4
Therapeutic effect of anti-CD137 mAb in a chronic 
asthma model. BALB/c mice were immunized with OVA 
on day 1 and challenged with OVA several times intra-
nasally during the following 31 days. Lung function was 
measured on day 32. Anti-CD137 mAb was injected 
the same day, followed by further intranasal challenges 
with OVA (days 39–41). (A) OVA immunization resulted 
in methacholine-induced AHR as measured 1 day after 
the last intranasal OVA challenge (day 32). Injection of 
anti-CD137 mAb 12 hours after the first AHR measure-
ment completely inhibited this already established AHR 
as demonstrated 10 days later. (B) Mice were sacri-
ficed on day 43, and BAL was performed. Anti-CD137 
mAb almost completely abrogated the total cell number 
in the BAL fluid of OVA-immunized BALB/c mice. (C) 
Anti-CD137 mAb reduced OVA-specific IgE serum lev-
els in OVA-immunized BALB/c mice. (D) Anti-CD137 
mAb converted an established Th2 to a Th1 cytokine 
response in culture supernatants of splenocytes and 
lung cells in OVA-immunized BALB/c mice. (E) Quan-
tification of lung inflammation and mucus production 
by a computer-based image-analyzing program clearly 
demonstrated the inhibitory effect of anti-CD137 mAb. 
*P < 0.05, OVA plus anti-CD137 mAb versus OVA plus 
control antibody by Student’s t test. (A, B, and E) n ≥ 8 
animals per group and data point; data are expressed 
as mean ± SEM from 2 independent experiments. (C 
and D) n ≥ 4 animals for each group; here representa-
tive results from 1 of 2 experiments are shown.
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Discussion
Previous animal studies have shown that short-term administra-
tion of an agonistic antibody reactive with CD137, a costimulatory 
molecule of the TNF receptor family, induces rejection of estab-
lished tumors (12, 13), enhances CD8+ T cell responses to viruses 
(14), blocks autoimmune disease progression (15, 16), and sup-
presses rheumatoid arthritis (17). In the present study, we show 
in our previously well-characterized Th2 cell–mediated murine 
asthma model (23, 33, 34) that signaling via CD137 controls not 
only CD8+ T cell– and Th1-mediated immune responses but also 
the Th2 cell–mediated disease allergic asthma. A single injection of 
anti-CD137 mAb before OVA priming of BALB/c mice prevented 
the development of AHR, eosinophilic airway inflammation, exces-
sive mucus production, and elevated serum IgE levels during the 
complete observation period of almost 7 weeks. Most important, 
agonistic anti-CD137 mAb was comparably effective in revers-
ing already established AHR and eosinophilic airway inflamma-
tion. Even when the anti-CD137 mAb was given late after the first 
OVA priming, when there is no new Th2 generation and no fur-
ther recruitment of OVA-specific Th2 cells and when the airways 
are inflamed, the asthma phenotype was completed reversed by 
a single anti-CD137 mAb injection. The prolonged allergen chal-
lenge in mice leads to the development of airway remodeling, an 
important feature of chronic asthma. We found that anti-CD137 
mAb application clearly reduced increased collagen matrix depo-
sition. This observation together with the long-lasting protective 
action of anti-CD137 mAb suggests that immunotherapy with 
anti-CD137 mAb might be effective in patients with asthma, who 
by definition have ongoing AHR and airway inflammation.

The inhibitory effect of anti-CD137 mAb on AHR and inflam-
mation was associated with significant  inhibition of  the Th2 
cytokines IL-4, IL-5, IL-10, and IL-13, which all play a crucial role 
in the development of AHR and inflammation in allergic asthma 
and are found in high concentrations at sites of allergic inflam-
mation in humans (1, 34, 35). In contrast, as shown before in vitro 
(19) as well as in vivo in a murine model of autoimmune disease 

(15) and rheumatoid arthritis (17), synthesis of the Th1 cytokine 
IFN-γ was strongly induced.

A protective role of IFN-γ has been shown in murine models of 
asthma in which mucosal IFN-γ gene transfer and nebulized IFN-γ 
application inhibited eosinophilic inflammation (36, 37). Indirect 
evidence for a protective role of IFN-γ has also been demonstrated 
in a human study, where allergen immunotherapy increased IFN-γ 
production by circulating T lymphocytes in patients with clinical 
benefit (38). Because the Th1 cytokine IFN-γ cross-regulates Th2 
cells in some systems (39), IFN-γ is thought to be critically involved 
in downmodulating Th2 cell–driven AHR and asthma. Blocking 
of IFN-γ in our system significantly reduced the protective effect 
of anti-CD137 mAb on AHR and airway inflammation. However, 
it did not increase the low Th2 cytokine levels or OVA-specific IgE 
and IgG1 levels nor did it decrease the OVA-specific IgG2a levels 
in the anti-CD137 mAb–treated mice. Therefore, in our system, 
the IFN-γ–dependent part of the CD137-mediated protection does 
not act via inhibition of Th2 cytokines by a shift toward Th1. In 
contrast to the immunotherapy model of rheumatoid arthritis of 
Seo et al. (17) and the autoimmune disease model of Sun et al. (15), 
in which anti–IFN-γ mAb injection almost completely reversed the 
observed effects of targeting mice with anti-CD137 mAb alone, in 
our murine asthma model IFN-γ is partly, but nowhere near com-
pletely, responsible	for the CD137-mediated protection. Injection 
of blocking anti–IFN-γ mAb reversed about 50% of the CD137-
mediated protection on airway inflammation and AHR and did 
not affect Th2 cytokine production and IgE synthesis. These 
observations show that other mechanisms must be involved in 
interfering with the CD137 effects in the allergic asthma model.

A possible role for CD8+ T cells in allergic asthma, especially in 
the regulation of AHR and IgE production, has been shown by sev-
eral studies before (24, 40); nevertheless, the central role of CD4+ T 
cells in the murine asthma model is not questioned.

Also in our system, CD8+ T cells seem to play a role in control-
ling this disease by mediating partly the protective effects of anti-
CD137 mAb. Relevance of CD8+ T cells was already indirectly 

Figure 5
Therapeutic effect of anti-CD137 mAb on airway remodeling. BALB/c 
mice were immunized with OVA on day 1 and challenged with OVA 
intranasally several times according to reversal protocol II (Figure 1), 
described in Methods. After application of anti-CD137 mAb or con-
trol mAb on day 32, mice were challenged again with OVA on days 
39–41. On day 43, mice were sacrificed. (A) MSB-stained lung tissues 
(magnification, ×400) from BALB/c mice revealed increased peribron-
chiolar ECM deposition, which was reduced by anti-CD137 mAb. (B) 
For quantification of ECM deposition, digital photographs of 4 bron-
chioles per tissue section were taken and analyzed with a computer-
based image-analyzing program, demonstrating the protective effect 
of anti-CD137 mAb. (C) Total lung collagen was increased in OVA-
immunized mice compared with control animals. This effect was partly 
abrogated (62%) by anti-CD137 mAb application. *P < 0.05, OVA plus 
anti-CD137 mAb versus OVA plus control antibody by Student’s t test. 
n ≥ 8 animals per group; data are expressed as mean ± SEM from 2 
independent experiments.
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supported by FACS analysis revealing an almost 2-fold increase 
in CD8+ T cells by anti-CD137 mAb treatment. In contrast, the 
number of CD4+ T cells as well as that of CD4+CD25+ T cells was 
not affected. These data suggest that, in our model, as in other 
models,	anti-CD137 mAb preferentially stimulates CD8+ T cells 
(19). Depletion of CD8+ T cells significantly reduced the protec-
tive effect of anti-CD137 mAb on AHR and airway inflammation, 
by about 50%, but did not affect cytokine production and Ig syn-
thesis. The observation that the CD8+ T cell depletion resulted 
in effects very similar to those of blocking of IFN-γ suggests that 
the anti-CD137 mAb–induced IFN-γ production of CD8+ T cells 
— seen by intracellular FACS staining — might be responsible 
for the CD8+ T cell–mediated effects. Seo et al. (17) very recently 
showed in a murine model that CD137-mediated suppression 
of rheumatoid arthritis might be caused by a new population 
of CD11c+CD8+ T cells. In their model, IFN-γ produced by these 
cells suppressed CD4+ T cells through an indoleamine 2,3-dioxy-
genase–dependent mechanism. In our system we found a 3-fold 
increase of the CD11c+CD8+ T cell population after anti-CD137 
mAb treatment (data not shown). The role of these cells in our 

model is under investigation at the moment. Myers et al. (41) 
have also demonstrated suppressor  function of CD8+ T cells 
after CD137 activation. In their system, CD137 and TLR ligands 
induced survival of specific effector CD8+ T cells with suppres-
sive recall potential, which may explain the dual role that CD137 
activation plays in mediating tumor clearance and prevention of 
autoimmune disease. The CD8+ T cells suppressed CD4+ T cell 
proliferation via a TGF-β–dependent mechanism, which was dif-
ferent from the mechanism found in the rheumatoid arthritis 
model of Seo et al. (17).

Nevertheless, our results demonstrate a role for CD8+ T cells in 
controlling AHR and eosinophilic inflammation and support the 
concept that inhibition of AHR and eosinophilic airway inflam-
mation may be mediated partly by CD8+ T cells (42).

Since both depletion of CD8+ T cells and blocking of  IFN-γ 
reversed only about 50% of the CD137-mediated effects in our 
murine asthma model, other mechanisms must participate in the 
CD137-mediated protection in this Th2 cell–driven disease. We were 
interested in the role of CD4+ T cells since they are crucial in the 
pathogenesis of asthma. Biopsies and BAL fluids from patients with 

Figure 6
The anti-CD137 mAb–mediated therapeutic 
effect depends partly on CD8+ T cells and IFN-γ.  
(A) CD8+ T cell depletion and (B) anti–IFN-γ 
mAb application significantly increased AHR 
(measured on day 18) in anti-CD137 mAb–
treated OVA-immunized BALB/c mice com-
pared with control mice. (C) Depletion of CD8+ 
T cells and (D) application of anti–IFN-γ mAb 
before anti-CD137 mAb treatment increased 
the total cell number and the number of eosino-
phils in BAL fluid of anti-CD137–treated OVA-
immunized mice. (E) Depletion of CD8+ T cells 
and (F) application of anti–IFN-γ mAb had no 
effect on the decreased levels of Th2 cytokines 
after anti-CD137 mAb treatment, whereas the 
CD137-mediated increase in IFN-γ produc-
tion was abrogated. *P < 0.05, OVA plus anti-
CD137 mAb versus OVA plus anti-CD137 mAb 
plus anti-CD8 mAb; ***P < 0.001, OVA plus 
anti-CD137 mAb versus OVA plus anti-CD137 
mAb plus anti–IFN-γ mAb by Student’s t test. 
(A–D) Data are expressed as mean ± SEM; 
n ≥ 9 animals per group and data point for 3 
independent experiments. (E and F) Data are 
expressed as mean ± SEM; n ≥ 4 animals for 
each group, and representative results from 1 
of 3 experiments are shown.
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asthma show increased amounts of activated T cells and of IL-4 and 
IL-5 (34, 43, 44), and many animal models show that the initiation 
of the asthmatic reaction is dependent on T cells (28, 29), with the 
strongest evidence provided by experiments in which passive trans-
fer of Th2 cell clones is able to induce AHR and inflammation in 
immunodeficient and immunocompetent mice (23, 30, 31).

Proliferation assays with splenocytes derived from OVA-immu-
nized and anti-CD137 mAb–treated BALB/c mice demonstrated 
almost complete inhibition of antigen-specific proliferation in 
response to anti-CD137 mAb treatment. This was surprising, 
since it has been shown before that once priming has been suc-
cessfully completed in normal mice and T cells begin to activate 
and express CD137, administration of anti-CD137 mAb leads 
to amplification of proliferative responses and development of 
effector functions (45). In contrast, and perhaps in common with 
observations made in SLE (16), in our model of Th2 cell–medi-
ated allergic asthma, anti-CD137 mAb administration inhibits 
OVA-induced proliferation as well as Th2 cytokine production, 
demonstrating that in this system T cells do not become activated 
but become	unresponsive to the allergen.

The important role of CD4+ T cell anergy in the anti-CD137 
mAb–mediated effect was demonstrated in a cell transfer experi-
ment. While transfer of CD4+ T cells from OVA-immunized BALB/c  
mice into SCID mice resulted in significant AHR in the T cell 
recipients, this effect was almost abrogated when OVA-immunized 
mice were treated with anti-CD137 mAb before CD4+ T cell trans-
fer. Furthermore, CD4+ T cells isolated from anti-CD137 mAb–
treated mice did not proliferate after restimulation compared with 
CD4+ T cells from BALB/c mice that had received control anti-
body. The inhibitory effect of anti-CD137 mAb on the production 
of the Th2 cytokines IL-4, IL-5, IL-10, and IL-13, which all play a 
crucial role in the development of AHR and inflammation in aller-
gic asthma, is possibly due to CD137-induced anergy of OVA-spe-
cific CD4+ T cells. Our observation that CD137 activation induces 
anergy of CD4+ T cells in our model was supported by the finding 

that the unresponsive CD4+ T cells, derived from CD137 mAb–
treated mice, started to proliferate again when IL-2 was added to 
the culture medium, a phenomenon typical for classical anergy. 
Moreover, the formerly unresponsive cells started to produce Th2 
cytokines again to a level that was comparable to the level of the 
OVA-immunized control group. Coculture of unresponsive CD4+ 
T cells with CD4+ effector cells did not result in inhibition of effec-
tor cells, as one would expect from T regulatory cells, but further 
experiments to resolve the mechanism of the CD137 effect in our 
model are needed. Our data support the crucial role of anti-CD137 
mAb–induced CD4+ T cell anergy in the protective effects of stimu-
lating this pathway in allergic asthma.

The anti-CD137 mAb–mediated decrease in B cells was associ-
ated with a significant inhibition of IgE and IgG1 serum levels. 
This might partly be due to missing T cell help in anti-CD137 
mAb–treated OVA-sensitized mice, since it has been shown that 
agonistic anti-CD137 mAb application abrogated T cell–depen-
dent antibody responses via  the  induction of Th cell anergy 
(11).  In a model of spontaneous autoimmune disease,  it was 
argued that the increased IFN-γ levels induced by anti-CD137 
mAb application are involved in B cell reduction, since IFN-γ is 
a potent activator of macrophages (46) and, in the presence of 
IFN-γ, macrophages greatly enhance B cell apoptosis (15). In our 
system, blocking of IFN-γ or depletion of IFN-γ–producing CD8+ 
T cells normalized the CD137-mediated reduction in the num-
ber of CD19+ B cells but did not change CD137-mediated effects 
on Ig synthesis (data not shown).	These observations favor the 
mechanism of missing T cell help for B cells to explain reduced 
Ig levels after anti-CD137 mAb treatment.

Our data indicate that — in contrast to models of tumor (12, 
13) or virus defense (14) and Th1-mediated autoimmune disease 
(15, 16) — the CD137-mediated protective effects in our Th2-medi-
ated murine asthma model seem to depend only partly on CD8+ 
T cells and IFN-γ, while anergy of CD4+ T cells seems also to play 
an important role. It is unclear whether these two mechanisms are 

Figure 7
Anti-CD137 mAb induces CD4+ T cell anergy. BALB/c mice were immunized with OVA in Alum i.p. on day 1 and treated with anti-CD137 mAb 
or control mAb on day 3. Mice were sacrificed 5 days later, and CD4+ T cells were isolated and restimulated in vitro with OVA. (A) Transfer of 
CD4+ T cells from OVA-immunized mice into SCID mice induced AHR in response to methacholine. This effect was abrogated when the OVA-
immunized mice were treated with anti-CD137 mAb before cell transfer. Data are expressed as Penh (mean ± SEM; n ≥ 7 animals per group 
and data point, 2 independent experiments). (B) CD4+ T cells that were separated from OVA-immunized BALB/c mice proliferated in response 
to OVA. In contrast, CD4+ T cells separated from OVA-immunized BALB/c mice that had received anti-CD137 mAb did not proliferate. CD4+ T 
cells separated from OVA-immunized mice that had received anti-CD137 mAb did proliferate again when treated with IL-2. Data are expressed 
as mean cpm ± SEM; n ≥ 4 animals for each group. Representative results from 1 of 2 experiments are shown. (C) IL-2 abrogated anti-CD137 
mAb–mediated inhibition of Th2 cytokine production in cell culture supernatants of OVA-immunized BALB/c mice. Data are expressed as  
mean ± SEM; n ≥ 4 animals for each group. Representative results from 1 of 2 experiments are shown. *P < 0.05, OVA versus OVA plus anti-
CD137 mAb; #P < 0.05, OVA plus anti-CD137 mAb versus OVA plus anti-CD137 mAb plus IL-2 by Student’s t test.
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related to each other. Indirect induction of Th cell anergy through 
suppressor cells is one possible explanation. For instance, Myers 
et al. (41) showed that rescued CD8+ T cells suppressed CD4+ T 
cell proliferation	via a TGF-β–dependent mechanism. However, 
our experiments did not provide convincing evidence for a simi-
lar mechanism. In our model, we did not see any effect on TGF-β  
or  IL-10  (data not shown), and the protective effects of anti-
CD137 mAb on IgE levels and Th2 cytokine production remained 
unchanged after CD8+ T cell depletion or inhibition of IFN-γ. In 
the murine asthma model, the anti-CD137 mAb–induced CD4+ 
T cell anergy seems to be a second mechanism not dependent on 
CD8+ T cells. As CD4+ T cells express CD137, it is conceivable that 
the antibody directly induces anergy of these cells. As demonstrat-
ed before (19), although anti-CD137 mAb profoundly costimu-
lates CD8+ T cells to proliferate, they marginally activate CD4+ T 
cells. Furthermore, the same study demonstrated that there were 
qualitative and quantitative differences in protein tyrosine phos-
phorylation between CD8+ and CD4+ T cells, suggesting different 
effects of anti-CD137 mAb on these cell populations. However, the 
mechanisms of anti-CD137 mAb in inhibiting the asthma pheno-
type remain to be fully elucidated.

In conclusion, the findings reported here show, for the first time 
to our knowledge,	that CD137 plays an interesting and potential-
ly important role in inhibition of the Th2 cell–mediated allergic 
immune response.

Our  data  indicate  that  strategies  aimed  at  stimulation  of 
CD137 may represent a therapeutic target during allergic inflam-
matory responses and other disorders characterized by inappro-
priate T cell activation.

Methods
Animals. Female BALB/cByJ mice and histocompatible C.B-17Icrscid/scid 
mice (6–8 weeks of age) were obtained from the Jackson Laboratory and 
bred and maintained in our animal facility at the Biocenter in Halle/
Saale, Germany. All animal experiments involved groups of 4–6 mice 
and were performed according to institutional and state guidelines. The 
Committee on Animal Welfare of Saxony-Anhalt	approved animal pro-
tocols used in this study.

Immunization and antibody treatments. For the prevention protocol, mice 
were immunized with OVA (20 μg; Sigma-Aldrich) adsorbed to 2 mg of 
an aqueous solution of aluminum hydroxide and magnesium hydroxide 
(Alum; Fischer Scientific International) i.p. on days 1 and 14, followed by 
20 μg OVA in 40 μl normal saline given intranasally on days 14–16, 28–30, 
and 42–44. Control mice received Alum i.p. and normal saline intranasally. 
Anti-CD137 mAb (3H3, rat IgG2a anti–mouse CD137 mAb, 200 μg) or con-
trol mAb (9D6, rat IgG2a anti–human CD137 mAb, 200 μg) was injected i.p. 
1 day before the first OVA immunization. AHR was measured on days 17, 
31, and 45, and mice were sacrificed on day 18 or 46. For reversal protocol I,  
mice were immunized with OVA (40 μg) in Alum i.p. on day 1 followed 
by OVA (20 μg) in normal saline intranasally on days 8–10. Control mice 
received Alum i.p. and normal saline intranasally. To confirm the induc-
tion of AHR by OVA sensitization, AHR was measured the following day. 
Anti-CD137 mAb or control mAb was injected i.p. 12 hours after AHR 
measurement on day 11. Intranasal OVA challenge was repeated on days 
15–17, and AHR was measured on day 18. Mice were sacrificed the follow-
ing day. For CD8+ T cell depletion, anti-CD8 mAb (YTS 169.4, rat IgG2b 
anti–mouse CD8 mAb, 100 μg) was injected on days 8, 9, 14, and 17. Flow 
cytometric analysis on days 10 and 19 showed 99% depletion of CD8+ T 
cells. Anti–IFN-γ mAb (XMG1.2, rat IgG1 anti–mouse IFN-γ mAb, 10 μg; 
eBioscience) was injected on days 11 and 14 (47). In reversal protocol II, we 

tested the effect of anti-CD137 mAb on the fully established asthma phe-
notype. For this purpose, mice were immunized with OVA i.p. and after-
ward challenged several times intranasally during the following 31 days 
(days 8–10, 14–16, 21–23, and 29–31). Lung function was measured on 
day 32. Anti-CD137 mAb was injected the same day, followed by further 
intranasal challenges with OVA (days 39–41). AHR was measured on day 
42, and mice were sacrificed the following day (Figure 1).

Measurement of AHR. Airway responsiveness was assessed by methacholine-
induced airflow obstruction in conscious mice placed in a whole-body ple-
thysmograph (model PLT UNR MS; emka TECHNOLOGIES) as described 
previously (23). Pulmonary resistance and dynamic compliance were mea-
sured after challenge with aerosolized methacholine in orotracheally intu-
bated, spontaneously breathing mice as described previously (48, 49).

Collection of BAL fluid. Animals were sacrificed by CO2 asphyxiation 1 
day after the last AHR measurement. The trachea was cannulated, and 
the right lung was lavaged 3 times with 400 μl 0.9% NaCl.	Cells in the 
lavage fluid were counted using a hemocytometer, and BAL cell differen-
tials were determined on slide preparations stained with May-Grünwald-
Giemsa (Merck) on blinded samples by an independent investigator. At 
least 200 cells were differentiated by light microscopy based on conven-
tional morphologic criteria.

In vitro proliferation and cytokine production. Splenocytes (5 × 106 cells per 
well) were isolated and restimulated in vitro with 0.2–200 μg/ml OVA in 
culture medium (RPMI medium supplemented with 10% FCS, 100 U/ml 
penicillin, 100 μg/ml streptomycin) 1 day after airway function test. Forty-
eight hours later, cultures were pulsed with 0.25 μCi of [3H]TdR thymi-
dine for 18 hours, and incorporated activity was measured in a scintillation 
counter (Wallac MicroBeta Trilux; PerkinElmer).

Cytokines were measured in supernatants from restimulated spleen or 
lung cells after 3 days using DuoSet ELISA kits (R&D Systems) according 
to the manufacturer’s instructions.

Lung histology and computer-based quantification of inflammation, mucus produc-
tion, and ECM deposition. Left lungs were fixed	in 10% formalin and stained 
with H&E (Merck) or with Alcian blue–PAS (Sigma-Aldrich). For quantifi-
cation and objective evaluation of the degree of histological inflammation 
and mucus production, lung sections were scanned with a digital camera 
(Visitron Systems; 5 shots per lung) and analyzed with HistoClick software 
based on morphometric image analysis developed in our laboratory. Total 
matrix deposition was assessed on MSB-stained sections (27). All slides 
were examined by 2 independent investigators in a random blinded fash-
ion. Digital photographs of 4 bronchioles per tissue section were taken and 
analyzed with HistoClick software for ECM deposition.

Collagen analysis.  Collagen  content  was  measured  in  lung  tissue 
homogenates by a biochemical assay according to the manufacturer’s 
instructions (Sircol collagen assay; Biocolor). Lung tissue (100 mg) was 
homogenized in 1 ml 0.5-M acetic acid containing 1 mg pepsin (Sigma-
Aldrich) per 10 mg tissue residue. Samples were incubated overnight at 
4°C with stirring and centrifuged, and the supernatant was assayed.

Transfer of cells. BALB/c mice were immunized with OVA (20 μg) in Alum 
i.p. on day 1 followed by i.p. injection of anti-CD137 mAb (3H3, 200 
μg) or control mAb (9D6, 200 μg) on day 3. One group of mice received 
Alum instead of OVA and no mAbs. Five days later, CD4+ T cells were 
isolated by magnetic cell sorting	(CD4+ T cell isolation kit; Miltenyi Bio-
tec) from BALB/c mice that had received Alum, OVA plus control mAb, 
or OVA plus anti-CD137 mAb. CD4+ T cells (2.5 × 106) were transferred 
i.p. into histocompatible SCID mice. SCID mice received OVA intrana-
sally 1 day before and 2 days after cell transfer. AHR was measured the 
following day. CD4+ T cells (1 × 106 ) were not used for cell transfer but 
were cultured with 2.5 × 106 irradiated splenocytes from BALB/c mice 
and restimulated with OVA. To test whether unresponsive CD4+ T cells 
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could be reactivated, some of the cells were cocultured with human IL-2	
(20 U/ml;	Roche Diagnostics Corp.) before proliferation and cytokine 
production in the culture supernatant were measured.

OVA-specific IgE and IgG1 assay. OVA-specific IgE and IgG1 serum lev-
els were measured by sandwich ELISA according to a standard protocol.	
Briefly, 96-well microtiter plates (Nunc) were coated overnight with 10 
μg/ml OVA diluted in bicarbonate buffer (pH 9.6). After washing and 
blocking of plates, samples were incubated for 2 hours. Subsequently, 
96-well plates were washed, and HRP-conjugated goat anti-mouse IgE 
antibody (Bethyl Laboratories Inc.) was added. Tetramethylbenzidine was 
used as substrate, and the OD was determined at 450 nm using a Bio-
Rad microplate reader (Bio-Rad Laboratories). The titer was calculated 
by logarithmic regression as the reciprocal dilution of the sera, where the 
extinction was 2-fold the background extinction.

Flow cytometric analysis. Flow cytometric analysis was performed using 
FITC-, PE-, or peridinin chlorophyll protein–Cy5.5-conjugated	mAb against 
mouse CD3, CD4, CD8α, and CD19 (BD Biosciences — Pharmingen). Cells 
(1 × 106) were preincubated with 2.4G2 mAb (10 μg/ml) to block FcγR, and 
then incubated with the relevant mAbs for 45 minutes at 4°C. Cells were 
washed twice with 1% BSA in PBS and analyzed by FACScan (BD Biosci-
ences — Pharmingen). For intracellular FACS analysis, cells were stimulated 
with phorbol ester (0.1 μg/ml) and ionomycin (0.5 μg/ml; both from Sigma-
Aldrich) for 6 hours. Brefeldin A (GolgiPlug; BD Biosciences) was added for 
the last 4 hours. Cells were washed and stained with anti-CD4 mAb and 

anti-CD8 mAb, permeabilized with Cytofix/Cytoperm buffer (BD Biosci-
ences), and then incubated with PE-labeled anti–IFN-γ mAb.

Statistics. Two-tailed Student’s t test was used to determine the statistical 
significance of differences between groups. P values of less than 0.05 were 
considered statistically significant.
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