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Abstract
Respiratory exposure to allergens can lead to airway tolerance. Factors that antagonize tolerance
mechanisms in the lung might result in susceptibility to diseases such as asthma. We show that
inhalation of endotoxin/LPS with antigen prevented airway tolerance and abolished protection from
T cell-driven asthmatic lung inflammation. Under conditions leading to tolerance, adaptive antigen-
specific CD4+Foxp3+ Treg were generated following exposure to intranasal antigen and
outnumbered IL-4- and IFN-γ-producing CD4 T cells by 100:1 or greater. Inhaled LPS altered the
ratio of Treg to IL-4+ or IFN-γ+ T cells by concomitantly suppressing Treg generation and promoting
effector T cell generation. LPS induced OX40L expression on dendritic cells and B cells that resulted
in a synergistic activity between TLR4 and OX40 signals, leading to production of IL-4, IFN-γ, and
IL-6, that blocked Treg development. Furthermore, inhibiting OX40/OX40L interactions prevented
LPS from suppressing tolerance, and resulted in the generation of greater numbers of adaptive Treg.
Thus, co-operation between TLR4 and OX40 control susceptibility to developing airway disease via
modulating the balance between adaptive Treg and IL-4+ or IFN-γ+ T cells. Targeting OX40L then
has the potential to improve the efficacy of antigen immunotherapy to promote tolerance.

Introduction
Airway exposure to harmless environmental antigens can lead to a state of tolerance, and the
phenomenon of tolerance to inhaled antigen is being used in the clinic as the basis of allergen/
antigen immunotherapy. The same environmental antigens that can lead to tolerance, in the
case of asthmatics, can also lead to an antigen-specific Th2-biased immune response, resulting
in lung inflammation characterized by airway eosinophilia and mucus hyper-secretion (1,2).
The precise mechanisms that regulate tolerance and those that lead to the breakdown of
inhalation tolerance are then of significant interest. In particular, regulatory T cells (Treg) have
been suggested to be critical in controlling the immune response after exposure to inhaled
antigen, either suppressing existing pathogenic Th2 cells, or possibly being responsible for
maintaining a tolerant state such that Th2 populations cannot be generated effectively (3,4).

Both innate and adaptive immune systems likely modulate these antigen-specific airway
responses. Toll-like receptors (TLR) are key regulators of both innate and adaptive immunity.
In particular, exposure to the TLR4 ligand, LPS/endotoxin, can strongly affect the intensity
and type of airway disease (5). In some cases, it has been suggested that the level of LPS in
the environment is related to the severity of Th2 lung inflammation (6), and experimentally
suggested mechanisms that might account for this include enhancing mast cell activation or
directly increasing Th2 responses (7), and promoting Th2 cell recruitment to the lung (8,9).
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However, it has also been reported that LPS can suppress ongoing allergic Th2 inflammation
(10,11). Clinical studies additionally proposed that exposure to LPS in early childhood may
decrease the incidence of asthma later in life (12). Adding further complexity, the amount of
LPS and TLR4 signals encountered can determine whether Th1 or Th2 types of lung
inflammatory responses will be generated (13). Therefore, LPS can either lead to susceptibility
to asthma, exacerbate the severity of asthma, or protect from asthma, possibly dictated by the
timing of exposure and the level of exposure (14).

Toll-like receptor signaling might modulate adaptive immune responses through the activation
and maturation of antigen-presenting cells (APC). Activated APC upregulate costimulatory
molecules and secrete inflammatory cytokines, priming naïve T cells into effector T cells. The
interactions between costimulatory ligands and their receptors are therefore likely to be critical
for generating large populations of effector T cells. OX40 (CD134), a member of the TNFR
superfamily, is one costimulatory receptor that is expressed by activated T cells (15). OX40
interacts with its TNF family ligand, OX40L, which is induced on professional APC such as
dendritic cells, B cells, and macrophages, after their activation (16-18). OX40 signaling
strongly regulates T cell division, survival, and cytokine release (19-21). Recently, we, and
others, found that OX40 also can inhibit the development of adaptive Foxp3+ Treg that
differentiate from naive CD4 T cell populations in response to TGF-β (22,23). This indicates
a possible dual role for OX40 in promoting effector T cells and antagonizing the induction of
adaptive regulatory T cells. We previously demonstrated that OX40 plays a critically important
role in driving the expansion of memory Th2 cells that mediate the effector phase of asthmatic
lung inflammation, shown with studies of OX40 knockout mice and by blocking an ongoing
allergic response with anti-OX40L (24,25). Whether the presence or absence of OX40
signaling also controls the induction of tolerance mechanisms has not been investigated.
OX40L expression can be promoted on APC by LPS/TLR4 signals (26), raising the possibility
that TLR4 and OX40 might synergize together and lead to a breakdown in tolerance at the
level of Treg that could be particularly important in terms of airway exposure to environmental
antigens and susceptibility to developing diseases such as asthma.

Here, we show in a model of respiratory tolerance, mimicking allergen/antigen
immunotherapy, that low level exposure to LPS prevented tolerance mechanisms from being
established, resulting in the subsequent inability to control the development of strong lung
inflammatory responses. The break in tolerance mediated by LPS was dependent on OX40-
OX40L interactions and involved suppressing the induction of antigen-specific CD4+Foxp3+
Treg cells while concomitantly promoting IL-4- and IFN-γ-secreting effector CD4 T cells. We
found a direct synergy between TLR4 and OX40 signals in controlling the Treg balance that
involved inflammatory cytokines including IL-6. Furthermore, blocking OX40 signals restored
and even enhanced the generation of adaptive Foxp3+ Treg, suppressing the action of LPS.
Together, these data show that intranasal exposure to LPS/endotoxin leads to the interaction
between OX40L and OX40, that with other inflammatory effects of TLR4 signaling, alters the
balance between Foxp3+ Treg and effector T cells, and influences susceptibility to allergic
inflammatory disease. This suggests that preventing OX40-OX40L interactions might be
useful to enhance the effectiveness of intranasal allergen/antigen immunotherapy and ensure
the successful induction of tolerance through generating adaptive Treg.

Materials and Methods
Mice

C57BL/6 and B6.PLThy1a (Thy1.1) mice were from The Jackson Laboratory. OT-II TCR
transgenic mice, bred on the BL/6 background, were used as a source of Vβ5/Vα2/Thy1.2 CD4
T cells responsive to the peptide OVA-323−339. AND TCR transgenic mice were bred on a
B10.BR background and used as a source of Vβ3/Vα11 CD4 T cells responsive to MCC. OX40
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−/− OT-II and AND mice were produced by intercrossing with OX40−/− mice. All experiments
were conducted following the guidelines of the La Jolla Institute for Allergy and Immunology's
Institutional Animal Care and Use Committee.

Airway tolerance and Allergic Airway Inflammation
Airway tolerance was induced similar to already described protocols (27). Briefly, on day 0,
C57BL/6 mice were exposed to 100 μg soluble OVA (Worthington Biochemical Corporation)
in PBS, or to PBS alone, given i.n. for 3 consecutive days. 9 days after the last i.n. OVA
treatment, mice were sensitized by i.p. injection of 20 μg OVA protein (chicken egg albumin;
Sigma-Aldrich), adsorbed to 2 mg aluminum hydroxide (Alum; Pierce Chemical Co.). On day
24 or later, mice were challenged via the airways with OVA aerosol in a whole body Plexiglas
box (10 mg/ml in 15 ml of PBS) for 30 min, once a day for four consecutive days, by ultrasonic
nebulization.

Bronchoalveolar lavage and Lung Histology
BAL was performed 24 h after the last OVA aerosol challenge. BAL fluid was tested for
cytokine content by ELISA. For cytological examination, BAL cells were spun on a slide using
a Cytospin (Thermo Shandon, Pittsburgh, PA), fixed, and stained with Protocol HEMA3
(Fisher Scientific Company, L.L.C.). Differential cell count was then performed on at least
500 cells in each cytospin slide. For lung histology examination, 6-μm sections were cut and
stained with H&E for examining cell infiltration. Magnification ×100 was used for histologic
scoring and at least 5 fields were scored to obtain the average for each mouse. The degree of
peribronchial and perivascular inflammation were evaluated on a subjective scale of 0−4. A
value of 0 was assigned when no inflammation was detectable, a value of 1 was assigned for
occasional cuffing with few inflammatory cells, a value of 2 was assigned for most bronchi or
vessels surrounded by a thin layer of inflammatory cells (one cell deep), a value of 3 was given
when most bronchi or vessels were surrounded by a thick layer of inflammatory cells (2−4
cells deep), and a value of 4 was assigned when a majority of bronchi or vessels observed in
specific fields were surrounded by a thicker layer (more than 4 cells deep). Total lung
inflammation was defined as the average of the peribronchial and perivascular inflammation
scores.

Adoptive transfer
Naïve OVA-specific CD25− CD4 cells were isolated from spleen of OT-II mice with CD4 T
Cell Isolation Kits (Miltenyi Biotec, CA). Cell suspensions were incubated with the antibody
cocktail, supplemented with biotinylated anti-mouse CD25, followed by magnetic anti-biotin
microbeads and negative selection on LS MACS columns according to the manufacture's
instructions. The CD4 purity was >90%, with >95% of resulting cells expressing the
Vα2Vβ5 transgene and less than 0.1% CD4+CD25+ cells. 5 × 106 OT-II CD4 cells were
injected i.v. into B6.PL Thy1.1 congenic mice, which were then exposed to soluble OVA to
induce airway tolerance. For the antibody blocking experiments, 1 mg αIL-4 (11B11), 0.5 mg
αIFN-γ (XMG-6) and 0.5 mg of αIL-6R (BioLegend, CA) alone or in combination were given
at the time of exposure to i.n. OVA.

Flow cytometry
To track adaptive Foxp3 CD4 cells, recipient mice were killed at the indicated times, and lymph
nodes were harvested, homogenized and treated with red blood cell-lysing buffer (Sigma, MO).
After Fc block with the 2.4G2 mAb, cells were stained with anti-Thy1.2 (53−2.1-FITC), anti-
CD4 (RM4−5-PerCP) and -CD25 (7D4-APC) (BD Biosciences), and then intracellularly for
Foxp3 (FJK-16s-PE) with a kit from eBioscience. For OX40L expression, lung tissue, draining
lymph nodes and non-draining lymph nodes were collected 24h after exposure to i.n. PBS,
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OVA, or OVA and LPS. Lung tissues were digested with collagenase D and DNAase. Single
cell suspensions were stained with anti-OX40L-PE, PDCA-1-APC, CD11c-FITC, B220-
Pacific Blue, Gr-1-PE-Cy7 and CD11b-PerCP-Cy5.5. B cells were gated as CD11c-B220
+PDCA-1-. All samples were analyzed with FACS LSRII (BD Biosciences) and FlowJo (Tree
Star) software.

Ex Vivo ELISPOT assay
1× 106 cells from total LN were cultured with medium or 20 μg/ml OVA peptide in flat-bottom
96-well nitrocellulose plates (Immobilon-P membrane; Millipore), which had been precoated
with 2 μg/ml anti-mouse IFN-γ or IL-4 mAb (BD Biosciences). After 48 h, plates were washed
with PBS/0.5% Tween 20 and then incubated with 2 μg/ml biotinylated anti-mouse IFN-γ or
IL-4 mAb (BD Biosciences) for 2 h at 37°C. After additional washes with PBS/0.5% Tween,
spots were developed by incubation with Vectastain ABC peroxidase (Vector Laboratories),
then 3-amino-9-ethylcarbazole solution (Sigma-Aldrich), and counted by computer-assisted
image analysis (Zeiss KS ELISPOT Reader).

In vitro regulatory T cell culture
Naïve CD25−CD4+ T cells from wild-type or OX40−/− AND mice were plated at 3 × 105

cells/ml with 3 × 105 /ml of DCEK fibroblast APC, that expressed I-Ek, CD80, and OX40L,
and 0.5 μM MCC 88−103 peptide in the presence or absence of 1 ng/ml recombinant human
TGF-β1 (PeproTech) for 3 days. For blocking experiments, anti-IL-4 (11B11, 10 μg/ml), anti-
IFN-γ (XMG1.2, 10 μg/ml), or anti-IL-6 (MP5−20F3, 10 μg/ml, BioLegend) were added.
Membrane CD25 and intracellular Foxp3 expression on gated CD4 cells after 3 days culture
was evaluated as in prior studies (22).

Results
LPS prevents airway tolerance in an OX40-dependent manner

To assess factors that might antagonize the induction of airway tolerance, we used a model
where mice were exposed to antigen given intranasally for 3 consecutive days, similar to
previous published regimens that lead to tolerance (28). Inhaled antigen led to suppression of
the development of airway inflammation, determined by the lack of response when mice were
later immunized with antigen in alum. Low/moderate doses of LPS, particularly notable with
exposure to 1 μg, given intranasally, prevented antigen-induced tolerance, as shown by
subsequent immunization and challenge with the same antigen now resulting in eosinophilia
in the airway (Fig. 1a), production of Th2 cytokines such as IL-4 (and IL-5 and IL-13, not
shown) in BAL (Fig. 1a), and strong lung inflammatory infiltrates (Fig. 1c).

The mechanisms by which LPS might oppose tolerance mechanisms are of considerable
interest. OX40L can be induced on APC by LPS (26), suggesting that this molecule might
mediate the activity of LPS in antagonizing tolerance. Indeed, we observed that OX40L was
upregulated on CD11b+CD11c+ dendritic cells and B cells in lung tissue and draining lymph
nodes within 24 h after intranasal exposure to antigen with LPS. No OX40L was found on
these cells in naive mice, and negligible staining of OX40L was found in mice exposed to a
tolerizing dose of antigen (Fig. 1b). Furthermore, we found that under conditions where LPS
led to susceptibility to lung inflammation and prevented tolerance in wild-type mice, no
inflammation was induced in mice deficient in OX40 (Fig. 1c and d). This knockout data could
correlate with our prior studies of OX40 in regulating the effector phase of Th2 memory cells
that mediate lung inflammation (24,25), but could also have reflected a direct early action of
OX40/OX40L interactions in antagonizing the induction phase of tolerance. In line with the
latter, we also found that treatment of mice with a blocking antibody to OX40L at the time of
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exposure to intranasal antigen and LPS fully inhibited the activity of LPS in suppressing
tolerance from developing (Fig. 1e), and correlating with the induction of OX40L by LPS.

Inducible antigen-specific Foxp3+ CD4 T cells suppress airway inflammation
To further show that the presence or absence of OX40L was crucial in determining whether
tolerance resulted following intranasal antigen exposure, we analyzed the early balance of T
cell subsets that resulted following inhalation of antigen. There may be multiple factors that
promote airway tolerance, and a number of Treg subsets have been proposed as mediators
(29,30). Foxp3+ Treg cells can be generated from naive CD25−Foxp3− CD4 T cells in response
to antigen and driven by TGFβ (31), and we recently found in vitro that OX40-OX40L
interactions could suppress the development of these adaptive inducible Treg (22).
Furthermore, OVA-specific CD4+CD25+(Foxp3+) T cells have been shown to be capable of
suppressing OVA-induced lung inflammation (32,33), demonstrating the potential significance
of antigen-specific Foxp3+ Treg to airway tolerance.

To specifically visualize and track the development of inducible antigen-specific Foxp3+ Treg,
separately from pre-existing natural CD4+CD25+Foxp3+ Treg, we transferred naïve (CD25
−Foxp3−) OVA-specific OT-II TCR transgenic CD4 cells (Thy1.2) into Thy1.1 recipients.
These mice were then subjected to soluble OVA given i.n. to induce airway tolerance. Flow
analysis demonstrated that approximately 4% of OT-II CD4 cells converted into Foxp3+ cells
in vivo (Fig 2a). This is in line with other published studies (34) that have seen a similar low
percentage of Foxp3+ Treg being induced from naive T cells in oral tolerance models. The
response appeared to be systemic in that OVA-specific Foxp3+ T cells were induced in lymph
nodes, spleen, and lung (not shown). Minor conversion was also seen in the absence of antigen,
as has been shown to occur in other systems (35). The OVA-specific Foxp3+ T cell population
enlarged in total numbers over time, being visualized within one day of antigen exposure, but
reaching a peak by day 5, and then contracting (Fig 2b). Similar data were obtained analyzing
lymph nodes or lung tissue. During this period, we found no significant change (expansion or
contraction) in numbers of natural Treg when analyzing the endogenous CD4+ population
(data not shown).

In line with tolerance being mediated by the antigen-specific Treg, we found that when mice
exposed to i.n. OVA were then sensitized and challenged with MCC, an unrelated protein, no
suppression was evident and MCC induced a similar level of eosinophil infiltration (and Th2
cytokines, not shown) regardless of prior exposure to OVA (Fig 2c). Due to the low frequency
of the induced antigen-specific Foxp3+ cells making their isolation impractical, we studied
their function using cells generated in vitro from naive OT-II T cells driven by TGFβ. CD4
+CD25+ cells were sorted from the in vitro cultures (containing 85% Foxp3+ cells, not shown)
and transferred into OVA-sensitized mice that were subsequently challenged with OVA via
the airways to induce lung inflammation. 1 × 106 of these adaptive Treg substantially inhibited
the induction of eosinophilia in the airways and Th2 cytokines in BAL (Fig. 2d, and data not
shown). Further implying that CD25+Foxp3+ Treg mediate intranasal tolerance, we found that
transiently depleting CD25+ cells with anti-CD25 shortly before exposure to i.n. OVA
prevented the induction of tolerance (Fig. 2e, airway eosinophilia; Th2 cytokines, not shown).
Greater lung infiltration was subsequently observed in mice treated with anti-CD25 compared
to PBS-treated non-tolerized control mice, likely indicating that natural CD25+Foxp3+ Treg
activity also contributes to the overall level of inflammation, even though the number of these
cells does not change upon antigen exposure. Lastly, neutralization of TGFβ with antibody
during the induction phase of tolerance also subsequently allowed development of eosinophilia
in the airway, and elevated BAL Th2 cytokine levels (Fig. 2f, and data not shown). This
coincided with a near complete block in the generation of adaptive antigen-specific Foxp3+
cells as visualized 5 days after exposure to i.n. OVA (Fig. 2g). Collectively, these data strongly
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suggest that Foxp3+ adaptive regulatory T cells, induced from naive CD4 T cells by antigen
taken up in the airways and endogenously produced TGF-β, represent a primary and essential
control mechanism that mediates airway tolerance.

LPS regulates the airway by altering the balance between Foxp3+ Treg cells and effector
cells in an OX40-dependent manner

We then addressed whether LPS controlled the generation of adaptive Foxp3+ Treg and if
OX40L played a role. Mice were exposed to a dose of LPS that prevented the induction of
airway tolerance. By tracking adoptively transferred naive T cells, we observed that
approximately 50% fewer antigen-specific Foxp3+ Treg cells were generated 5 days after
exposure to i.n. LPS given with OVA (Fig. 3a). This inhibitory effect of LPS was dependent
on OX40 and OX40L, and in the absence of these interactions, LPS actually promoted many
more Foxp3+ T cells to be induced. This was shown in mice receiving wild-type OT-II T cells
where OX40/OX40L interactions were blocked with anti-OX40L, and reflected a direct action
of OX40 on the T cells as this result was reproduced by transferring naïve OT-II CD4 cells
from OX40 knockout mice (Fig. 3a). In mice exposed to i.n. PBS or OVA alone, no increase
of OVA-specific Foxp3+ T cells was observed in the absence of OX40/OX40L interactions
(Fig 3a). This data is consistent with the fact that OX40L was not present on APC, and only
induced after LPS was inhaled (Fig. 1b). Therefore, OX40 signals participate in limiting the
number of adaptive Foxp3+ Treg that are generated as long as OX40L is expressed.

Reinforcing the significance of this result to overall tolerance, exposure to LPS i.n. promoted
the appearance of both IL-4- and IFN-γ-secreting CD4 cells as measured by ELISPOT 5 days
after OVA was initially given (Fig. 3b and c, shown with analysis of both spontaneous cytokine
production as well as in vitro OVA-induced production). In contrast, very few IL-4/IFN-γ-
secreting (effector-like) CD4 T cells were found under tolerizing conditions (no LPS). The
absolute number of IL-4-producing CD4 cells was higher than IFN-γ-producing cells,
indicating a bias towards a Th2 response. Combining the ELISPOT data with the number of
Foxp3+ CD4 cells that were visualized by flow cytometry allowed us to estimate the ratio of
induced antigen-specific Treg to that of induced early effector-like T cells. Most interestingly,
this revealed that under conditions that led to airway tolerance (i.n. OVA, no LPS), the ratio
of Foxp3+ Treg cells to IL-4-producing CD4 T cells was approximately 100:1 (Fig. 3d). As
we did not detect any IFN-γ-producing T cells under tolerizing conditions, we could not
calculate a ratio, but it was at least 1000:1 in favor of Treg (Fig. 3e). Exposure to OVA with
LPS strongly altered this balance with the ratio of Foxp3+:IL-4+ CD4 cells and Foxp3+:IFN-
γ+ CD4 cells being reduced to almost 1:1 and 6:1 respectively (Fig. 3d and 3e). Blocking
OX40L, or analyzing the in vivo response of naive CD4 T cells derived from OX40-deficient
mice, further demonstrated that OX40-OX40L interactions were essential for the action of
LPS, and in their absence the balance was largely unchanged and highly in favor of Treg. Thus,
airway tolerance mediated by intranasal antigen directly correlates with the early generation
of adaptive Foxp3+ Treg in favor of effector-like T cells. The action of LPS in antagonizing
airway tolerance suppresses the induction of Treg and allows effector T cells to develop, and
this is dependent on OX40-OX40L interactions.

LPS and OX40 synergize in antagonizing development of airway tolerance
LPS might simply induce OX40L, which then promotes OX40 signaling in T cells to directly
suppress Foxp3 induction as well as promote effector T cell outgrowth. Additionally, LPS
might also provide other essential synergistic activities that are needed to work with OX40L
to control the Treg balance. To address this, we modified the model to separate these potential
activities. Agonist anti-OX40, to replace the need to induce OX40L, was given to mice exposed
to i.n. OVA, but could not prevent the induction of airway tolerance regardless of dose or
whether administered i.n. or i.p. (data not shown, and Fig. 4). LPS, given i.p. at any dose, also
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did not prevent tolerance to i.n. OVA. However, we found that a low dose of LPS given i.p.
together with anti-OX40 effectively stopped the development of airway tolerance (Fig. 4). LPS
and anti-OX40 treatment led to substantial eosinophilia when mice were subsequently
challenged with a normal OVA sensitization protocol (Fig. 4a), including Th2 cytokines in the
BAL (Fig. 4b), and cellular infiltration in the peribronchial and perivascular areas of the lung
(Fig. 4c). These data clearly show synergy between TLR4 signals and OX40 signals in blocking
the induction of tolerance.

LPS and OX40 synergize in suppressing development of adaptive regulatory T cells
Further reinforcing the conclusions from the studies with LPS given i.n., the synergistic activity
of LPS and anti-OX40 when given i.p. was characterized by reduced generation of antigen-
specific Foxp3+ Treg cells. Again, approximately 50% fewer Treg were induced over the first
5 days, although kinetic analyses demonstrated a pronounced suppression of these cells within
1−2 days after initial exposure to i.n. OVA (Fig. 5a). During this time, no change in numbers
of natural Treg were observed when analyzing the endogenous CD4+ population (data not
shown). Neither LPS nor anti-OX40 alone reduced the number of adaptive Foxp3+ Treg cells
(Fig 5b), consistent with their individual lack of effect in preventing tolerance as measured by
subsequent lung inflammation (Fig. 4). Anti-OX40 promoted the early appearance of IL-4-
and IFN-γ-secreting CD4 cells (spontaneous ex-vivo and in vitro OVA-induced), whereas LPS
alone did not promote these effector-like cells (Figs. 5c and 5d). Notably, only the combination
of LPS and anti-OX40 resulted in an altered balance of adaptive Treg and these T cell subsets
that did not significantly favor Treg, such that the approximate ratio of Foxp3+:IL-4+ T cells
was less than 1:1 (Fig 5e), and the ratio of Foxp3+:IFN-γ+ T cells dropped to about 3:1 (Fig
5f). These data confirmed the direct correlation between the Treg balance and the resultant
immune response phenotype, and demonstrated that TLR4 signals and OX40 signals synergize
to antagonize the induction of intranasal tolerance by modulating this balance.

Synergy between TLR4 and OX40 is mediated through cytokines
To further understand the synergy between TLR4 and OX40, we injected anti-IL-4, anti-IFN-
γ and anti-IL-6R at the time of exposure to i.n. OVA. IL-6 was of potential interest as it is
induced in APC by LPS and has been shown in vitro to antagonize Foxp3 induction (36,37).
IL-4 and IFN-γ blockade, either alone or in combination had no effect on the induction of
adaptive Foxp3+ Treg cells generated to soluble OVA (Fig. 6a), in line with the observation
that very few IL-4 or IFN-γ-secreting cells were found under tolerizing conditions (Figs. 3 and
5). However, the suppressed generation of Foxp3+ Treg cells driven by LPS and anti-OX40
was prevented when these cytokines were blocked together, implying that both Th1/Th2
lineage activities are involved in dictating the ultimate balance of adaptive Foxp3+ Treg cells.
This is in line with a report showing that the induction of Foxp3+ Treg cells driven by TGF-
β in vitro could be inhibited by IL-4 and IFN-γ (38). IL-6R blockade alone also prevented
decreased generation of Foxp3+ Treg cells after exposure to LPS and anti-OX40, albeit to a
lesser extent, but significantly blocking IL-6R together with IL-4 and IFN-γ resulted in much
greater induction of Foxp3+ T cells (Fig. 6a), a result similar to blocking OX40-OX40L
interactions when LPS was provided i.n (Fig. 3a). This demonstrates that both innate cytokines
(IL-6) and adaptive inflammatory cytokines (IL-4 and IFNγ) triggered by OX40 and TLR4
control the generation of antigen-specific Foxp3+ Treg cells.

To explore this synergistic action in more detail, and to additionally understand how OX40
integrates with these control mechanisms, we cultured naïve CD4+ cells from wild type or
OX40 KO TCR transgenic mice with peptide-presenting fibroblast APC (Fig. 6b). These
fibroblasts expressed CD80, and were transfected with OX40L, and also spontaneously
produced IL-6, theoretically mimicking an in vivo activated APC that might arise upon
exposure to LPS. The addition of a low dose of TGFβ into cultures with wt T cells had little
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effect and resulted in essentially no Foxp3+ T cells being generated (0.1%). We have previously
shown that OX40-OX40L interactions suppress the induction of Foxp3 (22), but only 0.8%
resulted in this system with limited TGFβ when OX40-OX40L interactions were not operative
due to a deficiency in OX40. Neutralizing IL-4 or IFN-γ alone had no effect regardless of the
presence or absence of OX40 signals. However, neutralizing IL-6 in combination with
preventing OX40/OX40L interactions revealed strong synergy between these molecules and
resulted in conversion of approximately 7% of the CD4 population to Foxp3+. Blocking IL-4,
IFN-γ and IL-6 together allowed a small number of Foxp3+ T cells to be generated in the
presence of OX40 signals (1.3%), but removing OX40/OX40L interactions at the same time
dramatically resulted in approximately 25% conversion (Fig. 6b). These data show that TLR4
and OX40 signals synergize to suppress the generation of Foxp3+ Treg through both direct
signals from OX40 as well as the action of the innate cytokine IL-6 and the adaptive
inflammatory cytokines IL-4 and IFN-γ. Their combined effect is sufficient to overcome the
induction of tolerance in vivo and lead to airway inflammation.

Discussion
LPS via TLR4 has been linked to airway disease, particularly asthma, and LPS/endotoxin is
ubiquitously present in the environment, being readily detected in house dust (39). Whereas
the exact influence of endotoxin is still being debated, and there may not be one single activity
(40), exposure to LPS has been considered as a possible factor that could lead to susceptibility
to developing asthma and allergic airway disease. In this report, we demonstrate that intranasal
exposure to low doses of LPS at the time of inhalation of a model allergen prevented the
induction of airway tolerance. Our data provide a rationale and mechanism to account for this
activity, through modulating the generation of adaptive Treg. LPS antagonized the induction
of antigen-specific Foxp3+ Treg and overall tolerance by allowing OX40-OX40L interactions
to be active, as well as providing essential synergistic signals through inflammatory cytokines
that worked together with OX40 signals to oppose Foxp3+ Treg and allow effective
development of Th2 cells. This data complements our previous analyses that found a critical
role for OX40-OX40L interactions in promoting the effector and memory phases of Th2-driven
lung inflammation (24,25). We show that airway exposure to select levels of endotoxin can
additionally recruit the activity of OX40 and OX40L that then opposes natural tolerance
mechanisms that would protect from subsequent susceptibility to generating Th2 allergic
disease such as asthma. Given that allergen/antigen immunotherapy, used clinically to promote
tolerance mechanisms, might always be accompanied by exposure of individuals to
environmental endotoxin, this data additionally suggests that blocking OX40-OX40L
interactions may be an effective treatment to enhance the success of such a therapeutic
approach.

Immunologic studies have previously found that healthy individuals possess T cells that can
recognize the same peptide epitopes as allergic patients (41,42), implying that active antigen-
specific regulation of pulmonary immune responses might exist rather than simple passive
ignorance of potential allergens. Growing evidence in recent years has suggested that
regulatory T cells are the key players that mediate tolerance (3). Both naturally occurring
thymic-derived Treg, as well as adaptive antigen-specific Treg that are thought to be generated
in the periphery, have been demonstrated to suppress immune responses, with the notion that
adaptive Treg might be more efficient in certain instances (34,43,44). Indeed, we observed that
airway tolerance induced by soluble allergen is antigen-specific as intranasal exposure to one
antigen failed to suppress the subsequent induction of Th2 lung inflammation by another
antigen. Moreover, adaptive OVA-specific CD4+CD25+ Treg, when transferred to OVA-
sensitized mice, substantially suppressed lung inflammation, and this was with much higher
efficiency than an equal number of polyclonal natural CD4+CD25+ Treg (data not shown).
We further detected that a low number of antigen-specific Foxp3+ Treg were generated from
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naive CD25−Foxp3− CD4 T cells after airway exposure to soluble antigen, and depleting CD25
+ T cells, or blocking TGF-β that was required for the generation of adaptive Foxp3+ T cells,
prevented airway tolerance and resulted in Th2-type lung inflammation. This conclusion is in
line with the finding that transfer of antigen-specific CD4+CD25+ (presumed Foxp3+) T cells
isolated from TCR transgenic mice could strongly suppress the development of asthmatic lung
inflammation (32), and that antigen-specific CD4+CD25+Foxp3+ cells were induced
following oral exposure to antigen in mice lacking natural thymic-derived Tregs, and were
sufficient to block the development of lung inflammation (33). Furthermore, increased numbers
of Foxp3+ Treg have been found to be associated with resolution of lung inflammation in
another model of inhalational tolerance (45), correlating with decreased numbers of Foxp3+
Treg cells in allergic children (46). Collectively, this supports the notion that adaptive antigen-
specific CD25+Foxp3+Treg cells play a dominant role in regulating the extent of airway
inflammation and the induction of airway tolerance.

These studies however do not rule out additional roles for other regulatory T cells subsets or
other types of regulation that potentially might function downstream or in conjunction with
adaptive Foxp3+ Treg. Depleting CD25+ cells allowed the induction of much greater levels
of lung inflammation in our studies than in non-tolerized control animals, implying natural
Treg also control the overall level of inflammation. IL-10-producing regulatory T cells have
previously been reported to be capable of blocking lung inflammation (27,28), and one study
found that suppression of lung inflammation brought about by adoptive transfer of antigen-
specific CD4+CD25+(Foxp3+) Treg was dependent on IL-10, thought to be produced by
endogenous T cells, perhaps activated and/or induced by the adaptive Foxp3+ Treg (32).
Studies of asthmatic patients have also suggested that the balance between IL-10-producing
cells and pathogenic Th2 cells may play a role in the extent of immune responses in the airways
(47). We have found that IL-10 does play a critical role at some stage in the tolerance process,
in that blockade of IL-10R, similar to blockade of TGF-β, resulted in subsequent susceptibility
to developing airway inflammation (unpublished observations). However, we failed to detect
IL-10 production from CD4 T cells in our model, either by flow analysis of adoptively
transferred antigen-specific T cells, or by ELISPOT analysis. Thus, IL-10 may be downstream
of the induction of adaptive Foxp3+ T cells, and possibly derived from non-T cells, although
this needs to be investigated in more depth.

An interesting aspect of our study was the finding that under conditions of tolerance, the number
of adaptive Foxp3+ T cells far exceeded the number of effector-like T cells, even though only
a low percentage of naïve T cells converted into Foxp3 expressers. It is likely that tolerance is
achieved through T cell deletion and unresponsiveness/anergy, as well as active suppression
from Treg, which may then further allow Treg to dominate over time. The effect of LPS was
strongly emphasized by the finding that intranasal exposure altered this natural balance
between adaptive Foxp3+ T cells and effector-like IL-4+ and IFN-γ+ T cells, and that this was
critically dependent on promoting OX40-OX40L interactions, which were not active under
neutral conditions that led to the predominance of Treg. It has been suggested that Foxp3+
Treg differentiation from naïve CD4 T cells might only occur under selective conditions in the
periphery (48). TGF-βR and IL-2R signals appear crucial, but the factors that antagonize their
differentiative signals are not clear. We recently found from in vitro studies that OX40 signaling
inhibited the generation of high numbers of Foxp3+ T cells (22) but we did not investigate if
this was a direct intracellular effect or if additional factors co-operated with OX40. Our
complementary in vivo and in vitro studies here highlighted that the activity of LPS was not
only through allowing OX40-OX40L interactions to be operative, but involved direct synergy
between OX40 signals that potentiate TLR4 signals. It is well documented that LPS/TLR4
upregulates costimulatory molecules on APC, including OX40L, but our data show that the
inflammatory cytokine IL-6, also long been known to be induced by LPS, was a crucial factor
in dictating the Treg balance. Other studies have also implied that IL-6 might be central to a
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number of inflammatory responses including respiratory disease. TLR antagonism of the
suppressive effects of natural CD4+CD25+ natural Treg was described to be partly dependent
on IL-6 (49), and more recently IL-6 has received much attention in that it was shown to
synergize with TGF-β to promote IL-17-producing CD4 cells and at the same time suppress
Foxp3 induction (36,50) We now find that IL-6 synergizes with OX40 to further block the
induction of Foxp3+ Treg, and their combined action can lead to Th2 differentiation,
complementing previous studies showing OX40 or IL-6 individually can promote a bias
towards Th2 responses (18,51,52). Our data also provide further significance to results showing
that blockade of IL-6R suppressed an acute asthmatic response and that this was linked with
simultaneous expansion of Foxp3+ Treg cells (53). Increased IL-6 levels have additionally
been reported in blood (54), BAL fluid (55), and lung tissue (56) of asthmatic patients, implying
that combined targeting of IL-6 together with OX40 or OX40L might have significant benefits
in terms of decreasing inflammation and at the same time allowing Foxp3+ Treg to
predominate.

Lastly, we found that both IL-4 and IFN-γ acting together were also required for antagonizing
the generation of Foxp3+ Treg cells. It has been reported that these Th1/Th2-polarizing
cytokines negatively cross-regulate the expression of Foxp3 through their corresponding
transcription factors (38,57). This lends toward the hypothesis that LPS can oppose the
induction of intranasal tolerance by promoting IL-6 and OX40L expression in APC. OX40
together with antigen signals then will lead to initial transcription of IL-4 and IFN-γ in recently
activated naïve T cells, and these cytokines synergize with IL-6 in both inhibiting Foxp3
expression as well as promoting effector T cell differentiation.

In summary, we report here that innate immunity cooperates with adaptive immunity through
TLR4 and OX40 in defining the nature of subsequent immune responses that can occur within
the lung. Whether TLR4 and OX40 will synergize in suppressing Foxp3+ Treg numbers under
conditions of ongoing acute or chronic lung inflammation is not known, although OX40
independently has already been shown to contribute to effector T cell survival. Future therapies
using antibodies that block OX40 or OX40L may have the ability to enhance the generation
of antigen-specific Treg as well as suppress the development of pathogenic Th2 cells. Thus,
in addition to therapeutic targeting of these molecules to reduce ongoing allergic respiratory
disease (25,58), prophylactic treatment together with conventional allergen/antigen
immunotherapy might be considered to promote the induction of regulatory T cells that could
protect individuals against developing lung disease.
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Figure 1. Antagonism of airway tolerance by LPS is dependent on OX40
(a) Groups of wt BL/6 mice were tolerized by exposure to soluble OVA (100 μg) in PBS given
i.n. for 3 consecutive days. 9 days later, mice were immunized with OVA in alum i.p., and then
challenged 14 days afterwards with OVA aerosol for 4 days. Inflammation was analyzed after
24h. LPS was given at different doses i.n. at the time of tolerance induction. Left, Eosinophils
in BAL; Right, IL-4 levels in BAL. (b) OX40L expression on CD11b+CD11c+ DC and B cells
from draining LN or lung tissue 24h after exposure to i.n. OVA alone or 1 μg LPS with OVA.
Left panel of each pair, OX40L stain (black line) compared to isotype control (gray line) in
mice treated with LPS/OVA; right panel of each pair, OX40L stain (black line) in mice treated
with LPS/OVA compared to OX40L stain in mice treated with OVA alone (gray line). (c)
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Representative H&E staining of lung sections from wt mice firstly exposed i.n. to PBS (left
top), soluble OVA (right top), or OVA with 1 μg LPS (left bottom). OX40 KO mice were also
exposed i.n. to OVA with 1 μg LPS (right bottom). Subsequent inflammation was scored as
described in Methods. All results are means ± SEM from 4 mice per group. (d) Wild type or
OX40 KO mice were exposed to OVA and LPS given i.n. for 3 days, and then subsequently
sensitized and challenged as in (a), and eosinophilia and IL-4 analyzed in BAL. Results are
the mean levels ± SEM from 4 mice per group. (e) Wild type mice were exposed to OVA and
LPS given i.n. for 3 days, and anti-OX40L was given at the same time. Mice were subsequently
sensitized and challenged as in (a), and eosinophilia and IL-4 analyzed in BAL. Results are
the mean levels ± SEM from 4 mice per group. All results are representative of at least 2
experiments. In all cases, similar results compared to IL-4 were seen for IL-5 and IL-13 (not
shown).
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Figure 2. Generation of inducible antigen-specific CD4+Foxp3+ T cells, after intranasal exposure
to OVA, that suppress airway inflammation
(a-b) Naive CD4+ CD25− cells isolated from wt Thy1.2 OT-II TCR transgenic mice were
transferred into wt Thy1.1 mice. Recipients were then tolerized with OVA as described in Fig.
1, or exposed to PBS i.n. without antigen. (a) Data show representative plots of intracellular
Foxp3 after gating on transferred CD4+Thy1.2+ cells found in pooled lymph nodes on day 5.
Middle, no antigen exposure; Right, antigen exposure. Left panel shows Foxp3 staining of
naive T cells before adoptive transfer. (b) Kinetics of induction of antigen-specific Foxp3+ T
cells over 12 days, and then over another 5 days after injection of OVA in alum i.p. Day 1
refers to 24 h after the first instillation of OVA i.n. Data are mean numbers of Foxp3+ OT-II
CD4 T cells ± SEM from pooled lymph nodes from 5 individual mice per day. (c) Mice were
tolerized to OVA given i.n. over 3 days, or exposed to PBS alone, and then all were immunized
9 days later with moth cytochrome c (MCC) in alum i.p., and challenged after another 2 weeks
with aerosolized MCC. Data show mean BAL eosinophilia from 4 mice per group. (d) OVA-
specific CD4+CD25+Foxp3+ cells were generated in vitro by stimulation of naive OT-II CD4
cells with TGF-β and antigen. 1 ×106 sorted CD25+CD4+ cells were transferred into mice
previously immunized i.p. with OVA in alum. Recipient mice were then challenged with OVA
aerosol for 4 days. Data show mean numbers of eosinophils ± SEM in BAL from 4 mice per
group. (e) Mice were depleted of CD25+ cells by injecting anti-CD25 (PC61), given for 2
weeks, 3 days apart, before exposure to a tolerizing dose of i.n. OVA. Mice were then
immunized and challenged with OVA as before. Data show mean numbers of eosinophils in
BAL ± SEM from 4 mice per group. (f-g) Recipients of Thy1.2 OT-II cells as in (a-b) were
injected with anti-TGFβ or isotype IgG on the day of giving tolerizing doses of i.n. OVA. (f)
Mice were immunized and challenged with OVA as before. Data show mean numbers of
eosinophils in BAL ± SEM from 4 mice per group. (g) 5 days after initial exposure to i.n. OVA,
the number of antigen-specific OT-II Foxp3+ cells were enumerated in lymph nodes. Data are
mean numbers of Foxp3+ OT-II CD4 T cells ± SEM from 4 mice per day. All results are
representative of at least two experiments.
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Figure 3. LPS suppresses induction of antigen-specific Foxp3+ T cells and modulates the Treg:IL-4
+ T cell ratio in an OX40 dependent way
Naive CD4+CD25− cells isolated from either wt or OX40 KO Thy1.2 OT-II TCR transgenic
mice were transferred into wt Thy1.1 mice. Recipients were then tolerized with OVA (no LPS)
or exposed to 1 μg of LPS with OVA (i.n. LPS), as described in Fig. 1. One group was given
anti-OX40L (200 μg, i.p.) during the period of tolerance induction. Analyses were performed
5 days after the initial i.n. OVA instillation. (a) Number of Foxp3+ OT-II CD4 cells at day 5
in lymph nodes. Data are means ± SEM from 4 mice per group. (b-c) Total number of IL-4-
secreting and IFN-γ-secreting CD4+ cells, detected by ELISPOT. Data are mean numbers ±
SEM from 4 mice per group and represent either spontaneous cytokine secretion (medium) or
induced in vitro with antigen (OVA). (d-e) The ratio of Foxp3+ CD4+ cells to (d) IL-4-secreting
CD4+ cells and (e) IFN-γ-secreting CD4+ cells were estimated from data in (a-c). All results
are representative of at least two experiments.
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Figure 4. LPS and OX40 signals synergize to prevent airway tolerance
Mice were tolerized and subsequently primed and challenged as described in Fig 1. LPS (0.01
μg) and agonist anti-OX40 (100 μg) or control IgG were given separately or together i.p., at
the time of tolerance induction. Lung inflammation was assessed after the last aerosol challenge
as in Fig. 1. (a) BAL eosinophil numbers, (b) IL-4 levels. Data are mean values ± SEM from
4 mice per group. Similar results were seen with IL-5 and IL-13 (not shown). (c) Representative
H&E stained lung sections from mice treated with LPS + control IgG, top, and LPS + anti-
OX40, bottom. Histological scoring of lungs from each group, right. Data are mean numbers
± SEM from 7 mice per group. All results are representative of at least two experiments.
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Figure 5. LPS and OX40 signals synergize to suppress generation of antigen-specific Foxp3+ T cells
and alter the Treg:IL-4+ T cell ratio
(a) Antigen-specific Foxp3+ cells derived in vivo from adoptively transferred naive wt OT-II
CD4 cells were tracked as described in Fig. 2 under the experimental setting in Fig. 4. Mice
were left untreated (control) or injected with LPS and anti-OX40 i.p. at the time of exposure
to soluble OVA i.n. as in Fig. 4. Results show accumulation of Foxp3+ OT-II cells in LN over
1−5 days after the initial exposure to i.n. OVA. Data are mean numbers ± SEM from 5 mice
per group. (b) Number of antigen-specific Foxp3+ CD4 cells at day 5. (c-d) Number of
spontaneous (medium) and in vitro antigen-induced (OVA) IL-4- (c) and IFN-γ (d) -secreting
CD4 cells at day 5 by ELISPOT. Data are mean numbers ± SEM from 5 mice per group. (e-f)
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The ratio of Foxp3+CD4+ cells to (e) IL-4-secreting CD4+ cells and (f) IFN-γ-secreting CD4
+ cells were estimated from data in (a-d) using the OVA-induced cytokine cell numbers. All
results are representative of at least two experiments.
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Figure 6. OX40 and the cytokine microenvironment controls the generation of antigen-specific
Foxp3+ T cells
(a) Antigen-specific Foxp3+ cells derived in vivo from adoptively transferred naive wt OT-II
CD4 cells were tracked in pooled lymph nodes as described in Fig. 2 under the experimental
setting in Fig. 4. Mice were left untreated, or injected with LPS and anti-OX40 i.p. at the time
of exposure to soluble OVA i.n., as in Fig 4. Mice were also injected with control IgG, or anti-
IL-4, anti-IFN-γ, and anti-IL-6R, alone or together, during the period of tolerance induction.
Results are the mean number of Foxp3+ OT-II T cells ± SEM in lymph nodes at day 5, from
4 mice per group. (b) Naive CD25−(Foxp3−) CD4+ cells from WT or OX40 KO AND TCR
transgenic mice were cultured in vitro with MCC peptide presented on fibroblast APC that
express CD80 and OX40L, in the presence of exogenous TGFβ. Blocking antibodies to IL-4,
IFN-γ and IL-6 were added to culture on day 0. After 3.5 days, the primed T cells were stained
for the expression of CD25 and Foxp3 after gating on CD4. Data show percent Foxp3+ cells.
Results are representative of two experiments.
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