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Mucosal tolerance is induced early in life and is an important mecha-
nism of protection from diseases such as asthma. However, this early 
bias toward immune tolerance renders newborns more vulnerable 
to infections by pathogens such as RSV1. There is a strong associa-
tion between recurrent RSV infections requiring hospitalization in 
early life and the development of asthma in subsequent years2–6. 
Independent prospective studies have documented that 40–50% of 
children who experience severe RSV-mediated bronchiolitis are even-
tually diagnosed with asthma7,8. In addition, neonatal infection of 
mice with RSV causes more aggressive airway inflammation when 
the mice were reinfected as adults than when the initial virus infec-
tion was delayed9. Despite these associations, there is a gap in our 
knowledge regarding the mechanisms whereby RSV infection in early 
life adversely affects the immune system and renders the host more 
susceptible to allergic asthma in adult life.

Recent investigations in humans have highlighted the presence of 
Treg cells as early as the embryonic stage10,11. Treg cells are important 
for immune tolerance, serving as a safeguard against a host of self 
and foreign antigens from the antenatal to the postnatal stage by sup-
pressing unwarranted immune responses to these antigens. Studies 
in both humans and mice suggest that Treg cell–mediated protection 
from asthma is initiated at the neonatal stage. Exposure of nursing 
mice to the model allergen OVA induced tolerance in the newborns 
as a result of maternal transfer of OVA and transforming growth  
factor β (TGF-β) through breast milk12,13. Because RSV compromises  

immunoregulatory mechanisms in humans and mice, we hypo
thesized that repeated RSV infections result in Treg cell dysfunction, 
which impairs maternally transferred tolerance, thereby increasing 
the risk for allergic disease. Our studies show the ability of a pathogen 
to target a fundamental immunoregulatory mechanism in early life 
with an effect on subsequent disease development.

RESULTS
Infection with RSV breaches maternally transferred tolerance
To study the impact of RSV infection on immune tolerance in early life, 
we first tolerized newborn mice using breast milk12,13. Twenty-four 
hours after the birth of the pups, we exposed their mothers to OVA 
every other day for 10 d and weaned the pups at the end of this regi-
men (day 21). Immediately after weaning, we infected the tolerized 
pups with RSV (line 19) during weeks 3, 4 and 5 to mimic recurrent 
infections in humans. Of note, for reasons that are unclear, despite 
induction of humoral responses to RSV infection through the nasal 
mucosa, newborn humans remain susceptible to repeated infections, 
and the virus also causes severe illness in the elderly14,15. In week 6, we 
tested for the establishment of tolerance in the pups by immunizing 
them with OVA plus a mucosal adjuvant (cholera toxin) (OVA/CT) 
and then challenging them with OVA aerosol (Fig. 1a). Uninfected 
pups from tolerized mothers did not mount an allergic response to 
OVA, as determined by periodic-acid Schiff (PAS) staining for mucus, 
inflammatory cell numbers in the bronchoalveolar lavage fluid (BALF),  

1Department of Medicine, Division of Pulmonary, Allergy and Critical Care Medicine, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania, USA. 
2Department of Immunology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania, USA. 3Department of Pediatrics, Emory University, Atlanta, 
Georgia, USA. 4Children’s Healthcare of Atlanta, Atlanta, Georgia, USA. 5Department of Medicine, Vanderbilt University School of Medicine, Nashville, Tennessee, 
USA. 6These authors contributed equally to this work. Correspondence should be addressed to P.R. (rayp@pitt.edu) or A.R. (raya@pitt.edu).

Received 2 April; accepted 9 July; published online 9 September 2012; doi:10.1038/nm.2896

Early infection with respiratory syncytial virus impairs 
regulatory T cell function and increases susceptibility to 
allergic asthma
Nandini Krishnamoorthy1, Anupriya Khare1,6, Timothy B Oriss1,6, Mahesh Raundhal1,2, Christina Morse1, 
Manohar Yarlagadda1, Sally E Wenzel1, Martin L Moore3,4, R Stokes Peebles Jr5, Anuradha Ray1,2 & Prabir Ray1,2

Immune tolerance is instituted early in life, during which time regulatory T (Treg) cells have an important role. Recurrent infections with 
respiratory syncytial virus (RSV) in early life increase the risk for asthma in adult life. Repeated infection of infant mice tolerized to 
ovalbumin (OVA) through their mother’s milk with RSV induced allergic airway disease in response to OVA sensitization and challenge,  
including airway inflammation, hyper-reactivity and higher OVA-specific IgE, as compared to uninfected tolerized control mice. Virus 
infection induced GATA-3 expression and T helper type 2 (TH2) cytokine production in forkhead box P3 (FOXP3)+ Treg cells and 
compromised the suppressive function of pulmonary Treg cells in a manner that was dependent on interleukin-4 receptor a (IL-4Ra) 
expression in the host. Thus, by promoting a TH2-type inflammatory response in the lung, RSV induced a TH2-like effector phenotype 
in Treg cells and attenuated tolerance to an unrelated antigen (allergen). Our findings highlight a mechanism by which viral infection 
targets a host-protective mechanism in early life and increases susceptibility to allergic disease.
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the IL-13 and IL-5 protein levels in the lung tissue and the concentra-
tion of OVA-specific IgE in the serum (Fig. 1). In contrast, the pups 
that were nursed and tolerized but repeatedly infected with RSV had 
increased cellular infiltration in the airways and increased mucus pro-
duction in response to OVA (Fig. 1b,c). The concentrations of the TH2 
cytokines IL-5 and IL-13 in lung homogenates of the tolerized infected 
mice and the concentration of OVA-specific IgE in their serum were 
higher than in tolerized, uninfected mice (Fig. 1d,e). Airway hyper-
reactivity in response to methacholine was higher in tolerized infected 
mice compared to tolerized uninfected mice (Fig. 1f).

We next examined whether recurrent RSV infection triggers 
inflammation in tolerized lungs in the absence of antigen challenge. 
We used the same protocol of tolerance outlined above and infected 
the tolerized pups with RSV; we then euthanized the pups in week 7. 
In the absence of antigen challenge, recurrent RSV infection induced 
inflammation in the lungs of these mice (Supplementary Fig. 1a–c).  
Viral replication in the lungs of 3-week-old mice was followed by 
assaying the mRNA level of the RSV large polymerase (L) gene 
over time (Supplementary Fig. 1e). The transcript level of this 
gene continued to increase until day 4 and then decreased by day 9. 
This expression pattern mimicked the profile reported in previous  
studies9. The more commonly used strain of RSV, A2, also induced 
airway inflammation and breached maternally transferred tolerance 
(Supplementary Fig. 2a–c) similar to line 19. Treatment of the virus 

with ultraviolet radiation abrogated its ability to promote eosinophilic 
airway inflammation (Supplementary Fig. 2d,e).

Next, to address the state of tolerance in the infant mice at the 
time of weaning, we immediately sensitized and challenged weaned 
mice with OVA/CT at 21 d (Supplementary Fig. 3a). When the 
pups were nursed by tolerized mothers during the first 21 days, they 
were also indirectly efficiently tolerized through the breast milk 
(Supplementary Fig. 3a–c). These results suggest that RSV breaches 
tolerance that has already been established in the neonates. Newborns 
expressing TGF-β DNRII (the dominant-negative receptor) on their 
CD4+ T cells were not tolerized and mounted an allergic airway 
response to OVA as compared to the pups of wild-type (WT) mice 
(Supplementary Fig. 4a,b), confirming that in the absence of TGF- β 
signaling, tolerance cannot be transferred to pups12.

Reduced suppression by Treg cells from RSV-infected mice
RSV infection elicits a TH2 cell response against specific epitopes of 
the G protein of RSV16–18. To examine whether the breach of toler-
ance is initiated during the priming phase in the lung-draining lymph 
nodes, we tolerized pups to OVA, subjected them to recurrent RSV 
infection and harvested the lymph nodes from the mice 1 week after 
the last infection. A visual inspection revealed substantially larger 
lung-draining lymph nodes in the RSV-infected tolerized mice than 
in the tolerized uninfected control mice (Supplementary Fig. 5), and 
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Figure 1  Recurrent RSV infection compromises maternally transferred tolerance to inhaled allergen.  
(a) Experimental scheme for measuring the effects of tolerization and RSV infection in mice. (b) Histology, as  
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Figure 2  RSV infection triggers inflammation in lung-draining lymph 
nodes. (a) The total number of cells in the pooled lymph nodes of 
uninfected and infected mice tolerized as shown in Figure 1a, as 
determined by light microscopy after discounting dead cells on the basis 
of trypan blue exclusion. (b) Cytokine concentrations in the supernatant 
from lymph node cell cultures after stimulation with OVA (100 µg/ml) for 
3 d as determined by ELISA. (c) Expression of GATA-3, FOXP3 and IL-13 
on lymph node cells isolated from tolerized mice that were uninfected or 
infected with RSV after stimulation with phorbol 12-myristate 13-acetate 
(PMA) and ionomycin for 6 h. Cells were gated on CD4. The numbers in the 
corners of the FACS dot plots are the percentage of each cell population 
within that quadrant as a fraction of the total CD4 cells. All data are  
means ± s.d. and are representative of two independent experiments.  
n = 4–5 mice per group. *P < 0.05 by Student’s unpaired two-tailed t test.
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the lymph nodes from the infected mice were populated with more 
cells (Fig. 2a). Lung draining lymph node cells from the RSV-infected 
mice secreted higher amounts of the TH2 cytokines IL-13 and IL-5 
ex vivo when they were stimulated with either OVA (Fig. 2b) or PMA 
and ionomycin (Fig. 2c and Supplementary Fig. 5) as compared to 
tolerized uninfected mice.

As Treg cells have a crucial role in immune tolerance in the air-
ways19–21 and in inflammatory conditions can secrete cytokines 
characteristic of a distinct helper T cell lineage that can aggravate 
pathology22,23, we examined whether IL-13–expressing FOXP3+ cells 
were induced in the lymph nodes of RSV-infected mice. We found 
a distinct population of FOXP3+IL-13+CD4+ T cells in the lymph 
nodes of the RSV-infected pups that was not present in the unin-
fected mice (Fig. 2c). GATA-3 is the transcription factor that defines 
the TH2 cell subset24,25. Virus infection promoted an increase in the 
frequency of GATA-3+FOXP3+CD4+ T cells in the lymph nodes of 
the virus-infected mice. Although GATA-3+FOXP3+CD4+ T cells 
were also present in the lymph nodes of the uninfected mice, there 
were very few IL-13–expressing FOXP3+ T cells in this context.

The total numbers of CD4+ T cells (data not shown) and the fre-
quency of FOXP3+ cells were similar in the lungs of tolerized mice 
whether they were infected with RSV or not (Fig. 3a). CD4+FOXP3-
eGFP+ Treg cells were isolated 24 h after the last RSV infection from 
the lungs of infected tolerized FOXP3–enhanced GFP (eGFP) mice 

and used in a suppression assay with DO.11 T cells expressing an  
OVA-specific T cell receptor (TCR) and OVA. Because the Treg cells 
were eGFP+, we could not use carboxyfluorescein succinimidyl ester to 
label the responder cells, and so we instead used the dye 7-hydroxy-9H- 
(1,3-dichloro-9,9-dimethylacridin-2-one) succinimidyl ester (DDAO-
SE)26. Treg cells from the uninfected mice efficiently inhibited the pro-
liferation of the naive CD4+ T cells, whereas Treg cells from the infected 
mice had compromised suppressive function (Fig. 3b). We also found 
an increase in the frequency of TH2 cytokine–secreting CD4+FOXP3+ 
and CD4+FOXP3− cells in the lungs of the RSV-infected mice 
(Supplementary Fig. 6). Similar to the effects in the lung-draining  
lymph nodes (Fig. 2d), RSV infection resulted in an increase in the 
percentage of GATA-3+FOXP3+CD4+ T cells in the lungs, with 20% of 
the FOXP3+ cells expressing IL-13 (Fig. 3c). There were higher total 
numbers of GATA-3+FOXP3+ and GATA-3+FOXP3− cells in the lungs 
of the tolerized mice as a result of RSV infection (Fig. 3c).

We next adoptively transferred Treg cells isolated from either 
virus-infected or uninfected tolerized infant mice into mice immu-
nized with OVA/CT but before challenge with OVA. eGFP+CD4+ 
(FOXP3+CD4+) T cells from the uninfected mice potently suppressed 
airway inflammation and OVA-specific IgE levels in response to OVA 
challenge, an effect that was absent when we transferred similar or 
twice the numbers of Treg cells from the lungs of virus-infected toler-
ized mice (Fig. 3d–f). Notably, when we adoptively transferred double 
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Figure 3  RSV infection alters the phenotype and  
function of Treg cells in the lung. (a) The numbers (top) and  
the frequencies (bottom) of Treg (CD4+FOXP3+)  
cells in the lungs of tolerized FOXP3-eGFP knock-in  
pups in the presence or absence of virus infection.  
(b) Proliferation of naive responder T cells (TH)  
cocultured with different ratios of Treg (FOXP3+) cells  
isolated from uninfected and infected DO11.10 pups  
in the presence of OVA (100 µg/ml), as determined  
by the dilution of DDAO-labeled cells. (c) The expression  
of GATA-3, IL-13 and FOXP3 in CD4+ T cells isolated from the lungs  
of tolerized mice with and without RSV infection after stimulation  
with PMA and ionomycin. Cells shown in the upper images were gated  
on CD4 expression, and cells shown in the lower images were gated  
on FOXP3 expression. The numbers in the corners of the FACS dot  
plots are the percentage of each cell population within that quadrant.  
(d) PAS staining of lung sections of mice that received adoptively  
transferred eGFP+CD4+ T cells from tolerized mice that were uninfected  
or infected by RSV and then were sensitized to OVA/CT and challenged  
by OVA aerosols. (e) Number of immune cells in BALF recovered from  
different groups of mice. RSV (2×) indicates mice that received double  
the number of eGFP+CD4+ cells as compared to the RSV group (third group). (f) Serum IgE concentrations in different groups measured by ELISA. 
All data in a,c,e and f are means ± s.d. n = 4–5 mice per group (a–f). *P < 0.01 by Student’s unpaired two-tailed t test (c) or two-way ANOVA with 
Bonferroni’s post-hoc test (e). (g) Frequency of DDAO-labeled CD4+FOXP3+ (eGFP+) cells isolated from uninfected and RSV-infected mice in the lungs 
of OVA/CT-immunized recipient mice challenged with OVA. Data shown are representative of two independent experiments. The numbers in the corners 
of the FACS dot plots are the percentage of each cell population within that quadrant.
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the number of eGFP+FOXP3+ Treg cells from the infected mice, airway 
inflammation was exacerbated, suggesting the suppressive activity 
of FOXP3+CD4+ T cells in the lungs of virus-infected mice is dys-
functional (Fig. 3d–f). The functional difference we observed in the 
two groups of recipients was not a result of differences in traffick-
ing of the adoptively transferred cells (Fig. 3g). When we compared 
FOXP3+ T cells isolated from the lungs of infected and uninfected 
mice with respect to their expression of cell surface markers such as 
CD25 and glucocorticoid-induced tumor necrosis factor receptor– 
related protein (GITR), we found no marked difference, although 
the cells from the virus-infected mice had higher expression of 
IL-4Rα (Supplementary Fig. 7). In uninfected mice, ~59% of the 
CD4+FOXP3+ cells were CD127lo/−, a common feature of human Treg 
cells27, and only 1% expressed low amounts of GATA-3. In infected 
mice, we found that 79% of the CD4+FOXP3+ cells were CD127lo/−, 
12% of which were GATA-3+. In naive mice, >90% of all CD4+FOXP3+ 
cells were CD127lo/− (Supplementary Fig. 7).

Treg cells acquire a TH2 phenotype in infected mice
We next studied the influence of the TH2-type inflammatory envi-
ronment in the lung induced by virus infection on the phenotype 
and function of Treg cells. Exposure of CD4+FOXP3+ T cells to the 
TH2-type cytokines IL-4 and IL-13 promoted GATA-3 expression 
(Fig. 4a). We generated CD4+FOXP3+GATA-3− T cells in vitro by 
culturing splenocytes from DO11.10 TCR transgenic mice specific  
for the OVA323–339 peptide with TGF-β and retinoic acid28–30 
(Fig. 4b). We labeled CD4+FOXP3+GATA-3− cells expressing high 
amounts of CD25 (Fig. 4b) with DDAO and adoptively transferred 
them into tolerized uninfected or infected 3-week-old BALB/c recipi-
ent mice, which we then exposed to aerosolized OVA to recruit the 
cells to the lung. We found negligible expression of GATA-3 in 
FOXP3+DDAO+CD4+ T cells isolated from the lungs of tolerized 
uninfected mice, whereas 73.5% of these cells coexpressed GATA-3 
when we recovered them from tolerized RSV-infected mice (Fig. 4c). 
We also performed a similar experiment using splenocytes from 
OT-II mice crossed to FOXP3-eGFP mice (OT-II × FOXP3-eGFP 
mice) and, as shown in Figure 4d, ~30% of the transferred Treg cells 
recovered from 3-week-old recipient tolerized infected C57BL/6 mice 
coexpressed GATA-3.

Treg cells have been shown to attenuate the immunogenicity of pul-
monary dendritic cells by downregulating the expression of major 
histocompatibility complex (MHC) class II and co-stimulatory mol-
ecules on dendritic cells31. Pulmonary dendritic cells from unin-
fected tolerized mice had lower expression of MHC class II, CD40 
and CD86 as compared to dendritic cells from RSV-infected mice 
(Supplementary Fig. 8).

Host IL-4Ra signaling is important to breach tolerance
The data obtained thus far suggested that viral infection abrogates 
maternally transferred tolerance by inducing the expression of TH2-
type cytokines in the lung and promoting a phenotypic switch of Treg 
cells to a TH2-like phenotype. Indeed, the concentrations of IL-13 and 
IL-5 were higher in the BALF recovered from virus-infected lungs 
as compared to uninfected lungs (Fig. 5a). Lack of IL-4Rα signal-
ing significantly attenuated GATA-3 expression in both FOXP3+ and 
FOXP3− cells after RSV infection (Fig. 5b).

To assess the contribution of host IL-4 signaling, we adoptively 
transferred TH2-skewed cells isolated from DO11.10 × Rag2−/− mice 
(devoid of Treg cells) into WT and Il4ra−/− tolerized mice, which we 
then infected with RSV and challenged with OVA. Transfer of OVA-
specific, TH2 cells induced airway inflammation and an increase in 
the concentration of IgE in the serum of WT tolerized, virus-infected 
mice, whereas transfer into WT tolerized, uninfected mice did not pro-
mote these responses (Fig. 5c–e). Transfer of these cells into Il4ra−/− 
mice that had been tolerized to OVA by WT mothers elicited minimal 
lung inflammation and low titers of serum IgE (Fig. 5c–e). Transfer 
of TH2 cells into nontolerized and uninfected WT and Il4ra−/− mice 
induced significant allergic airway inflammation in both groups, 
demonstrating that Il4ra−/− mice can mount an inflammatory response 
in the absence of maternally transferred tolerance (Fig. 5d,e). CD4+ 
T cells isolated from tolerized mice were cultured with cell-free BALF 
from uninfected WT, WT infected and Il4ra−/− infected mice. BALF 
from the RSV-infected mice increased GATA-3 expression in both 
FOXP3−CD4+ and FOXP3+CD4+ T cells, which was significantly 
attenuated when the BALF was derived from infected Il4ra−/− mice 
(Fig. 5e,f). These results suggest that IL-4Rα signaling in the host 
is required for the impairment in maternally transferred tolerance 
induced by RSV infection.
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Figure 4  Treg cells acquire a TH2-like effector phenotype in tolerized RSV-infected mice. (a) Expression of FOXP3 and GATA-3 in CD4+FOXP3+ T cells  
isolated from tolerized mice and cultured with OVA and antibodies to CD28 with or without IL-4 and IL-13 for 48 h. (b) FOXP3 expression (top) and 
the absence of GATA-3 expression (bottom) in in vitro–generated Treg cells sorted on high CD25 expression. (c) Gating strategy (top) and GATA-3 
expression in FOXP3+ cells isolated from tolerized uninfected and infected mice adoptively transferred with in vitro–generated DDAO-labeled  
Treg cells. (d) Percentage of FOXP3+GATA-3+ Treg cells isolated from the lungs of tolerized C57BL/6 mice with or without RSV infection. Treg cells were 
generated in vitro from splenocytes of OT-II × FOXP3-eGFP knock-in (KI) mice and labeled with DDAO dye prior to transfer. Total DDAO+ cells within 
the CD4 gate is shown. *P < 0.05 by Student’s two-tailed t test. Data are the means ± s.d. The experiments were performed twice with similar results 
and used a minimum of three mice in each group.
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DISCUSSION
Our study suggests that RSV infection induces TH2-like inflammation 
in the lung, which promotes a TH2-like effector phenotype in Treg 
cells and a loss of suppressive function. It is becoming increasingly 
evident that Treg cells have phenotypic plasticity in different inflam-
matory environments. Treg cells expressing transcription factors and 
cytokines that are characteristic of effector T cells are detectable at 
sites of inflammation22,23,32–35. These Treg cells express the same 
chemokine receptors that are present on the coexisting T helper cells, 
allowing them to home to the site of inflammation and suppress tissue- 
resident effector T cells. At sites of inflammation, Treg cells also lose 
their suppressive function, which can be restored with blocking  
antibodies to the specific cytokines present in the inflammatory 
milieu35. This may serve as a protective mechanism whereby an adap-
tive immune response develops, and after effector cell death, Treg sup-
pressor function is restored as the concentration of inflammatory 
cytokines is reduced35. To the best of our knowledge, what had not 
previously been shown is that by inducing an inflammatory response, 
a pathogen can attenuate the suppressive function of Treg cells against 
an unrelated antigen (allergen) that even a strong adjuvant such as 
alum (shown in our previous studies) or cholera toxin cannot20.

In general, a TH2 immune response is favored in neonates36. RSV-
induced pulmonary inflammation in mice was previously found to 
cause a shift from TH1 to TH2 cell inflammation37. RSV uses multiple 
mechanisms to induce a TH2 cell response in the host, including RSV 
G protein–mediated effects16,17,38, increasing IL-4 production from 
basophils39 and induction of alternatively activated macrophages40. 
These multiple mechanisms of inducing a TH2 response along with 
the ability of RSV to upregulate expression of IL-4Rα on Treg cells may 
underlie the ability of the virus, but not of adjuvants, to affect Treg 
cell phenotype and function even in tolerized hosts. Although more 
confirmatory studies are needed in humans, the bias toward TH2 cells 
with aging that has been noted in mouse studies41 might also explain 
why RSV causes serious illness in the elderly15. Prophylactic therapy 

with antibodies to G protein or therapeutics such as pitrakinra, an  
IL-4 variant that improves symptoms in individuals with asthma42, 
may be useful to blunt the inflammatory cascade triggered by RSV.

Recent studies have reported GATA-3 with FOXP3 expression during 
both human and mouse Treg cell development43,44. However, in those 
studies, dual GATA-3+FOXP3+ T cells were detectable only at low levels 
in the lungs, although they were readily detected in other organs44. 
Neither of the previous studies showed that FOXP3-expressing cells 
were able to produce TH2 cytokines43,44. Also, neither of the previous 
studies examined the effect of TH2 cell inflammation on Treg cells in 
the lung43,44. GATA-3 is involved in multiple stages of T cell develop-
ment and is expressed at low levels in naive CD4+ T cells45. Therefore, 
it is not entirely surprising that at some level it would also regulate the 
development of Treg cells. GATA-3, which is upregulated in Treg cells 
after RSV infection, and signal transducer and activator of transcrip-
tion 6 (STAT6) have been shown to inhibit the expression of FOXP3 
(refs. 30,46). As IL-4 signaling has been shown to be important for the 
upregulation of GATA-3 in T cells24,45, this may account for the preser-
vation of maternally transferred tolerance in infected Il4ra−/− mice.

In conclusion, our study provides evidence of pathogen-driven 
instability of Treg cells that breaches a robust form of maternally trans-
ferred tolerance. These findings suggest that increased susceptibility 
to asthma later in life as a result of recurrent RSV infection may be the 
result of an effect of RSV on the lung microenvironment, impairing 
Treg function and tolerance to inhaled allergens.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Mice. BALB/c, C57BL/6, FOXP3-eGFP knock-in (stock number 006769), 
IL-4Rα–null (stock number 003514) and CD4-TGF-β DNRII (stock number 
005551) mice were purchased from The Jackson Laboratory. The DO11.10 × 
Rag2−/− (model number 4091) strain of mice was purchased from Taconic. 
DO11.10 transgenic mice, originally provided by K. Murphy at Washington 
University, St. Louis, were bred in the Division of Laboratory Animal Resources, 
University of Pittsburgh. Spleens of OT-II × FOXP3-eGFP knock-in mice were 
a gift from E. Shevach. Mice were housed under pathogen-free conditions and 
used between 3 (newborns) and 8 weeks of age. All animal experiments were 
approved by the Institutional Animal Care and Use Committee (IACUC) at 
the University of Pittsburgh. For experiments involving maternally transferred 
tolerance, both males and females were used. For all other experiments, males 
were mostly used.

Antibodies and flow cytometry. Antibodies to CD4 (CD4– 
allophycocyanin (APC), 1:500) or CD4-phycoerythrin (PE) (RM4-5, BD 
Biosciences, 1:500), FOXP3-FITC (FJK-16S, eBiosciences, 1:250) and  
IL-13–Alexa Fluor 647 (ebio13A, eBioscience, 1:200), GATA-3–PE or  
GATA-3–Alexa Fluor 647 (L50-823, BD Biosciences, 15 µl per reaction),  
CD11c-APC (HL3, BD Biosciences,1:200), CD86 (GL1, BD Biosciences, 1:200), 
CD40-PE (3/23, BD Biosciences, 1:200), MHC II–PE (NIMR4, Southern Biotech, 
1:200), CD127-PerCP Cy5.5 (A7R34, eBioscience, 1:200), CD25-PE (PC61, BD 
Biosciences, 1:200), IL-4 receptor α chain–PE (mIL4R-M1, BD Biosciences, 
1:200), GITR-PE (DTA-1, BD Biosciences, 1:200) were used in our flow cytom-
etry experiments. Single-cell suspensions were stained with antibodies and 
examined on a FACSCalibur flow cytometer (BD Immunocytometry Systems), 
and the data were analyzed using FlowJo software (Tree Star).

Virus culture, titration, quantification of viral RNA and ultraviolet radiation 
inactivation. RSV line 19 or A2 was cultured in the HEp-2 cell line, as described 
previously47. The virus titration was performed as described previously48 with 
minor modifications. Briefly, Vero 81 cells were grown in six-well plates until they 
were 75% confluent. Before infection, the culture medium was removed from the 
wells, and the viral stock was serially diluted and added to each well in duplicate. 
The viral stock in PBS was allowed to adsorb to the cell monolayer for 2 h, and 
the plate was placed on a shaker during this time. The PBS was then aspirated 
off and replaced with cell culture medium, and the culture was harvested after 
24 h. The harvested cells were cytospun onto glass slides and fixed with acetone. 
The cells were then stained with antibody to RSV-FITC (5022;Millipore). The 
stained slides were visualized using fluorescence microscopy, and the number of 
fluorescent cells was counted. The virus was routinely tested by measuring IL-6 
production from infected bone marrow–derived dendritic cells by ELISA and 
also by assessing the ability of the virus to induce IL-13 (by qRT-PCR) and mucus 
(by PAS staining) production in the lungs after infection. RSV replication in the 
lungs was detected by qRT-PCR of the RSV large polymerase (L) gene using for-
ward primer (5′-GAACTCAGTGTAGGTAGAATGTTTGCA-3′), reverse primer 
(5′-TTCAGCTATCATTTTCTCTGCCAAT-3′) and probe (5′-TTTGAACCT 
GTCTGAACATTCCCGGTT-3′). The level of mRNA was calculated relative 
to the expression of the housekeeping gene GUS, and the results were analyzed 
using the 2−∆∆Ct method. For virus inactivation, the virus was placed on ice 8 in 
below an ultraviolet lamp and exposed to the light for 30 min.

Tolerization of pups. We tolerized pups to OVA indirectly through their mother’s  
breast milk as previously described12. Briefly, 24 h after the birth of the pups, 
the mothers were exposed to 1% OVA aerosol for 20 min every other day based 
on the original protocol of tolerance by inhaled antigen (OVA)12,20,21,49. The 
mothers were exposed to aerosolized OVA ten times over the course of 20 d. 
During this time, the pups were nursed by either tolerized or nontolerized moth-
ers (controls). After 20 d, the pups were weaned. For each experiment, three or  
four mothers were used, and after weaning, the pups were pooled together and 
segregated into groups to ensure that there was no bias in the selected mice 
within the groups.

Infection and immunization of pups. The pups were infected with RSV line 
19 or A2 at weeks 3, 4 and 5. In weeks 3 and 4, the pups received 5 × 104 PFU 

of RSV line 19 by the intranasal route, and in week 5, the pups received 1 × 105 
PFU. One week after the last infection, the pups were immunized with OVA/CT, 
followed by seven consecutive challenges with 1% OVA aerosol.

Adoptive transfer of TH2 cells. For the data shown in Figure 3, FOXP3+CD4+ 
T cells were sorted based on eGFP expression from tolerized mice with or with-
out RSV infection after the last infection in week 5. From both groups, 1.5 × 105 
eGFP+ (FOXP3+) T cells were adoptively transferred intravenously into BALB/c 
mice that had been sensitized to OVA/CT. In addition, one group of BALB/c 
mice received twice the number of eGFP+ T cells from the RSV-infected group. 
Twenty-four hours after the adoptive transfer of cells, the mice were exposed 
to OVA aerosols for 7 d and then euthanized after the last challenge. For the 
data shown in Figure 4, 4 × 106 TH2 cells from DO11.10 × Rag2−/− mice were 
adoptively transferred into recipient mice intravenously. Twenty-four hours after 
cell transfer, the mice were exposed to OVA aerosols on 3 consecutive days to 
recruit the cells into the lungs.

Generation of induced Treg cells in vitro. Single-cell suspension of splenocytes 
was prepared and cultured in the presence of CD3-specific antibody (145-2c11, 
BD Biosciences, 1 µg/ml), TGF-β (3 ng/ml; Peprotech) and all-trans retinoic acid 
(Sigma; 1 nM). The cultures were supplemented with retinoic acid daily, and at 
the end of 5 d, more than 90% of the CD4+ T cells were FOXP3+, and the CD25hi 
cell population was almost exclusively FOXP3+ (>98%).

Adoptive transfer of Treg cells into BALB/c or OT-II × FOXP3-eGFP knock-in 
mice. In vitro–generated Treg cells were labeled with DDAO-SE dye (as described 
below in the Suppression Assay section) and adoptively transferred into 3-week-old  
tolerized BALB/c mice with or without RSV infection. Mice were infected with 
RSV 3 d before the transfer. Five-hundred thousand labeled cells were trans-
ferred, and 24 h after the transfer, the mice were administered OVA aerosols for 
2 consecutive days and then euthanized. The lungs cells from both the groups 
were first enriched for CD4 expression by magnetic bead selection (CD4+ T cell 
isolation kit II, Miltenyi Biotech). Nearly all of the resulting cell population was 
positive for CD4 expression by flow cytometry, less than 10% of which (7.6% 
and 8.5% for uninfected and RSV-infected, respectively) coexpressed FOXP3 
(Fig. 4c, upper left). A gate was drawn around CD4 and FOXP3 coexpressing 
cells, and then a 1 million cellular events were collected to visualize adoptively 
transferred, DDAO-expressing cells within this population (Fig. 4c, upper 
right). The proportion of FOXP3+DDAO+CD4+ T cells was comparable between  
uninfected and RSV-infected mice. The CD4+FOXP3+DDAO+ T cells were fur-
ther selected (as shown by the gate drawn in Fig. 4c, upper right) for analysis 
of GATA-3 expression.

Cell isolation and sorting. The lungs were perfused with sterile PBS, removed 
and digested as described previously50,51. Lungs were then dissociated on a 
gentleMACS Dissociator (Miltenyi Biotech) according to the manufacturer’s 
protocol. Single-cell suspensions were obtained by passing the dissociated tissue  
through a 70-µm cell strainer (BD Falcon). Anti-CD4 microbeads (Miltenyi 
Biotech) were used to enrich for CD4 T cells. Treg cells were sorted using a 
FACSAria cell sorter based on CD4 and eGFP (FOXP3) expression.

Suppression assay. The suppression assay was set up as described previously26. 
Naive CD4+ T cells from DO11.10 TCR transgenic mice were labeled with 
CellTrace Far Red DDAO-SE (C34553), and Treg cells from FOXP3-eGFP 
knock-in mice were sorted and cultured in round-bottom, 96-well plates 
7 d after the last infection. Cells were stimulated with OVA (100 µg/ml) 
and 5 × 104 γ-irradiated APCs per well, and freshly isolated Treg cells were 
added at various ratios to the DDAO-labeled cells. After 72 h in culture, 
cells were harvested, and cell proliferation was assessed by examination of  
DDAO-SE fluorescence.

ELISA, ELISPOT assay, BALF cell numbers, lung histology and OVA-specific 
serum IgE. ELISA for cytokines, quantifying cells in the BALF, lung histology 
and quantification of OVA-specific IgE in the sera were performed as previ-
ously described50,51. Cytokine production in CD4+ T cells were assayed using 
ELISPOT kits (eBioscience), as previously described50.
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Pulmonary function (airway hyper-reactivity testing). Mice were examined 
for respiratory mechanics using the forced oscillation technique52. To deter-
mine the difference in airway hyper-responsiveness between the experimental 
groups, mice were treated with ascending doses (3.125, 12.5 and 25 mg/ml) 
of methacholine. Each mouse was challenged with 10 s of aerosol followed by 
input impedance measurements, with Newtonian resistance (Rn) representing 
central airway caliber.

qRT-PCR. Tissues or cells were treated with TRIzol (Invitrogen). RNA was 
isolated using RNeasy kit (Qiagen) and treated with RNase-free DNase (Qiagen). 
Complementary DNA was synthesized and used for qRT-PCR using TaqMan 
Gene Expression Assays (Applied Biosystems) according to the manufacturer’s 
instructions. The level of mRNA was normalized to GUS expression, and the 
results were analyzed using the 2−∆∆Ct method.

Statistical analyses. After testing for normal distribution of the populations, 
two-way ANOVA with Bonferroni’s post-hoc test was used to compare differ-
ences between multiple groups. Student’s unpaired two-tailed t test was used 

for all other statistical analyses. Differences between groups were considered  
significant when P < 0.05. All statistical analyses were performed using GraphPad 
Prism software.
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