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Innate signals from Nod2 block respiratory tolerance and
program TH2-driven allergic inflammation
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BAL: Bronchoalveolar lavage

FOXP3: Forkhead box protein 3

H&E: Hematoxylin and eosin

MAMP: Microbial-associated molecular pattern

MDP: Muramyl dipeptide

meso-DAP: Meso-diaminopimelic acid

NLR: Nod-like receptor

Nod: Nucleotide-binding oligomerization domain

OVA: Ovalbumin

OX40L: OX40 ligand

TLR: Toll-like receptor

Treg: Regulatory T

TSLP: Thymic stromal lymphopoietin
Background: Airway tolerance is critical for protecting the lung
from inflammatory disease driven by allergens. However,
factors that disrupt tolerance processes and then lead to
susceptibility to developing allergic asthma remain elusive.
Objective: To investigate whether recognition of bacterial
microbial-associated molecular patterns in the lung may result
in susceptibility to developing allergic reactions, and to
understand the molecular mechanisms by which such triggers
block natural tolerance.
Methods: Ligands of intracellular microbial-associated
molecular pattern recognition receptors—the nucleotide-
binding oligomerization domain (Nod)-like receptors, Nod1 and
Nod2—were given intranasally with antigen, and their ability to
modulate airway tolerance was analyzed.
Results: Intranasal Nod2 ligand rapidly induced lung expression
of the innate cytokines thymic stromal lymphopoietin and IL-25,
and thymic stromal lymphopoietin promoted expression of
OX40 ligand, a T-cell–costimulatory ligand, on lung
CD11c1CD11b1 cells and B2201 cells. Together these 3
molecules blocked the generation of antigen-specific
CD41forkhead box protein 31 adaptive regulatory T cells and
concomitantly drove IL-4–producing CD4 T cells. By altering
the regulatory T/TH2–cell balance, tolerance was blocked, and
sensing of Nod2 ligand resulted in subsequent susceptibility to
developing eosinophil-dominated airway inflammation.
Conclusion: We show that a Nod-like receptor is a novel,
previously unrecognized, pathway that adversely links innate
and adaptive immunity and leads to allergic disease and
asthmatic lung inflammation. (J Allergy Clin Immunol
2010;nnn:nnn-nnn.)

Key words: Mouse, Nod2, asthma, TSLP, OX40L, IL-25, regulatory
T cell

Early immune responses to pathogens are triggered by pattern
recognition receptors that recognize microbial-associated
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molecular patterns (MAMPs). Toll-like receptors (TLRs) can
stimulate antigen-presenting cells to secrete inflammatory cyto-
kines like IL-1, IFN-I, TNF, and IL-12, and to express high levels
of class II and costimulatory ligands that allow effective TH1 and
TH17 responses.

1 In contrast, howTH2 responses are triggered has
been less well studied, especially whether direct or indirect recog-
nition of microbial products would lead to susceptibility to devel-
oping allergic disease. In this regard, it has been hypothesized that
the propensity to develop this TH2-driven inflammation of the
lung associates with the level of microbial exposure and how
clean or dirty the environment is during the formative years of
development.2

Logically, TLR engagement that can lead to secretion of IFN-I
and IL-12 should not result in allergic disease, because these
cytokines can direct TH1 differentiation. However, moderate
TLR4 signaling can promote TH2 cells,

3 and LPS can lead to sus-
ceptibility to developing asthmatic inflammation.4,5 Moreover,
house dust mite antigen was shown to mimic a component of
the TLR4 signaling complex.6 This has led to renewed interest
into how asthma and allergic disease are controlled by pattern rec-
ognition receptors. Mucosal surfaces of the respiratory tract rep-
resent a major portal of entry for airborne allergens as well as
bacteria, viruses, and microbial products.7 This suggests that
the epithelium of the lung could be a critical regulatory element
for controlling subsequent immune responses. In line with this,
it was found that bronchial epithelial cells expressed TLR4, and
signaling via radio-resistant lung structural cells, which included
the epithelial cells, was required for LPS and house dust mite ex-
tract that contained LPS to promote subsequent asthmatic lung in-
flammation when inhaled.5 Thus, expression of certain pattern
recognition receptors by nonhematopoietic cells might be key
in controlling the susceptibility to TH2-biased disease.8
1
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Another class of pattern recognition receptors is the intracel-
lular nucleotide-binding oligomerization domain (Nod)-like re-
ceptors (NLRs).9 Nod1 and Nod2 detect motifs of bacterial
peptidoglycans, with Nod1 activated by meso-diaminopimelic
acid (meso-DAP) and Nod2 by muramyl dipeptide (MDP).
Meso-DAP is expressed by most gram-negative bacteria and
MDP by most gram-positive and gram-negative bacteria, and
both molecules can initiate proinflammatory responses inducing
the release of cytokines like IL-1, TNF, and IL-6.10 Moreover,
MDP was previously observed to be able to prevent oral tolerance
and increase intraepithelial lymphocyte infiltration in the intestine
mucosa.11 Interestingly, both Nod1 and Nod2 are highly ex-
pressed in epithelial cells, suggesting that, similar to TLR4,
they could mediate the cross-talk between epithelial cells and
other immune cells in the airway. In addition, it was recently
found that Nod2 can play a critical role in sensing viral single-
stranded RNA and mediate certain antiviral activities after
infection with respiratory syncytial virus and vesicular stomatitis
virus.12 Because respiratory syncytial virus has also been linked
to susceptibility to asthma,13-15 this further suggests that Nod1
or Nod2 could be central to eliciting immunologic mechanisms
that link allergen exposure in the context of bacterial or viral in-
fection to induction or exacerbation of allergic airway disease.

Here, we show that airway exposure to Nod2 ligand but not
Nod1 ligand prevented tolerance mechanisms from developing in
the lung, suppressing the induction of antigen-specific CD41fork-
head box protein 3 (FOXP3)1regulatory T (Treg) cells while at
the same time promoting IL-4–secreting effector CD4 T cells.
Nod2 ligand resulted in selective expression of the innate cyto-
kines thymic stromal lymphopoietin (TSLP) and IL-25 and
TSLP-dependent induction of the TNF family costimulatory mol-
ecule OX40 ligand (OX40L). Nod2 signaling subsequently re-
sulted in full susceptibility to develop asthmatic disease, which
was blocked by targeting TSLP, IL-25, or OX40L. Individually,
OX40L, TSLP, and IL-25 have each been reported to promote
asthmatic inflammation.16-20 Therefore, Nod2 by engaging all
of these factors fully programs the immune response to diverge
from tolerance towardTH2 immunity and adverse allergic disease.
METHODS

Mice
C57BL/6 and B6.PLThy1a (Thy1.1) mice were from The Jackson Labora-

tory (Bar Harbor, Me). See this article’s Methods section in the Online Repos-

itory at www.jacionline.org for details.

Airway tolerance and allergic airway inflammation
Airway tolerance was induced similarly to already described protocols.4

Bronchoalveolar lavage and lung histology
Bronchoalveolar lavage (BAL) was performed 24 hours after the last

ovalbumin (OVA) aerosol challenge. BAL fluid was examined for cytokine

content by ELISA. For lung histology examination, 5-mm sections were cut

and stained with hematoxylin and eosin (H&E) for examining cell infiltration.

Magnification3200 was used for histologic scoring, and at least 5 fields were

scored to obtain the average for each mouse.
Adoptive transfer
Naive OVA-specific CD252 CD4 cells were isolated from spleen of OT-II

mice with CD4 T Cell Isolation Kits (Miltenyi Biotec, San Diego, Calif).

A total of 5 3 106 OT-II CD4 cells were injected intravenously into B6.PL
Thy1.1 congenic mice, which were then exposed to soluble OVA or OVA

mixed with Nod2 given intranasally.
RT-PCR and real-time PCR
Lung tissue was homogenized with TISSUE MASTER (OMNI Interna-

tional, Kennesaw, Ga). Total RNA was isolated using the TRIzol reagent

(Invitrogen, Carlsbad, Calif). An aliquot of total RNA (5 mg) was reverse-

transcribed to cDNA by using SuperScript III (Invitrogen). Data are presented

as normalized to ribosomal protein housekeeping gene L32.

ELISA
Murine cytokines in BAL fluid were assayed by ELISA by using paired

antibodies according to the manufacturers’ recommendations.
Statistical analysis
Where appropriate, data were analyzed by using the Student t test. Unless

otherwise indicated, data represent themeans6 SEMs.P <.05was considered

significant and is indicated by an asterisk.
RESULTS

Nod2 prevents induction of airway tolerance
The ability of inhaled Nod ligands to block tolerance mecha-

nisms in the lung is highly relevant to clinical allergic disease. To
test this, mice were exposed to inhaled soluble antigen (in the
absence of any adjuvant), given intranasally once a day for 3 days
(see this article’s Fig E1 in the Online Repository at www.
jacionline.org). As shown before,4,21,22 this results in tolerance
and completely blocked the susceptibility of these mice for devel-
oping asthmatic lung inflammation when they were subsequently
immunized and challenged with antigen by using a conventional
protocol that promotes functional TH2 cells (Fig 1). Significantly,
we found that inhalation of the Nod2 agonist MDP with soluble
antigen essentially abrogated airway tolerance. This led to full
susceptibility to developing TH2-type lung inflammation, with eo-
sinophilia (Fig 1, A), peribronchial cell infiltration in lung paren-
chyma (Fig 1, B), airway hyperresponsiveness (see this article’s
Fig E2 in the Online Repository at www.jacionline.org), and
TH2 cytokines in BAL (Fig 1, C-E) that resembled the response
in naive mice that were initially exposed to PBS but not exposed
to airborne antigen (Fig 1). This effect was solely mediated by
Nod2 activation because Nod2 knockout mice did not respond
to MDP (see this article’s Fig E3 in the Online Repository at
www.jacionline.org). In contrast, theNod1 agonist had little effect
on preventing airway tolerance from developing, and this was the
result regardless of the dose inhaled (Fig 1; data not shown). The
Nod2 agonist itself did not induce lung inflammation when in-
haled alone in the absence of antigen (see this article’s Fig E4 in
the Online Repository at www.jacionline.org). Moreover, MDP
prevented tolerance onlywhen inhaled at the same time as antigen,
and not before or after, suggesting that Nod2 activation induced
molecules that were relevant to driving initial activation and dif-
ferentiation of T cells when antigen was first presented (see this
article’s Fig E5 in the Online Repository at www.jacionline.org).
Nod2 prevents induction of airway tolerance

through OX40L
Wepreviously reported that the interaction of the tumor necrosis

factor receptor-TNF family molecules OX40 and OX40L was
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FIG 1. Inhaled Nod2 agonist prevents induction of airway tolerance. Wild-type B6 mice were tolerized by

exposure to intranasal (i.n.)OVA. Nine days later, all mice were immunized with OVA/alum intraperitoneally

and challenged 14 days afterward with OVA aerosol for 4 days. Lung inflammation was analyzed 24 hours

later. A, Eosinophils in BAL. B, H&E staining of lung sections (right). Inflammation score (left). IL-4 (C), IL-5

(D), and IL-13 (E) in BAL. All results are means 6 SEMs from 4 mice per group. *P < .05.
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crucial to the development of TH2-driven lung inflammation when
mice were exposed systemically to antigen mixed with alum.16,17

OX40 signals can both promote naive CD4 T cells to differentiate
into the TH2 lineage

23 and control the survival and expansion of ef-
fector and memory TH2 cells.17 To investigate whether Nod2 re-
sulted in engagement of OX40, we injected a single dose of an
OX40L blocking antibody at the time of exposure to inhaled
Nod2 ligand mixed with antigen. Importantly, this strongly in-
hibited the subsequent development of airway eosinophilia (Fig
2, A), bronchovascular infiltrates (Fig 2, B), and TH2 cytokines
in the lung (Fig 2, C-E) to approximately baseline levels that
were found in control mice that were tolerized by inhalation of sol-
uble antigen (Fig 2,A-E). These data show that Nod2 activation re-
sults in engagement of the OX40L-OX40 pathway to initiate the
TH2 response in the lung and antagonize induction of tolerance.
Inhaled Nod2 agonist suppresses generation of

antigen-specific FOXP31 T cells and alters the

Treg:IL-41 T cell ratio through OX40L
Our previous data and those of others have shown that OX40

signaling can block expression of FOXP3 in responding naive
CD4 T cells and hence affect the number of adaptive Treg cells
that can form.24,25 We have also previously shown that the early
ratio of antigen-specific FOXP31 Treg to IL-41 effector T cells
strongly correlates with the subsequent fate of the lung.4 Be-
cause the frequency of antigen-reactive CD4 T cells is very
low, we tracked their initial response by adoptively transferring
naive Thy1.21CD41CD25- T cells from OT-II T cell receptor
transgenic mice into Thy1.11 recipients. Significantly, approxi-
mately 50% fewer antigen-specific FOXP31 Treg cells were
generated over 5 days in mice that inhaled the Nod2 agonist
(Fig 3, A). Simultaneously, IL-4–secreting CD4 T cells were an-
alyzed by ELISPOT, the most sensitive assay for this function.
Whereas very few IL-41 CD4 T cells were found under toleriz-
ing conditions with soluble antigen alone, Nod2 activation pro-
moted the strong accumulation of these effector-type T cells
over the same time period after Nod2 ligand exposure (Fig 3,
B). Combining the 2 sets of data allowed a rough estimate of
the ratio of induced antigen-specific Treg cells to that of in-
duced early effector-like T cells. As we previously reported,4

this was biased under conditions that led to tolerance in favor
of Treg cells such that they outnumbered IL-41 T cells by ap-
proximately 100:1. Treatment with Nod2 ligand strongly



FIG 2. Inhaled Nod2 agonist prevents airway tolerance through OX40L. Wild-type mice were tolerized,

immunized, and challenged as in Fig 1. Anti-OX40L (200 mg) or control IgGwas given intraperitoneally at the

time of Nod2 agonist treatment. A, Eosinophils in BAL. B, H&E staining of lung sections (left). Inflammation

score (right). IL-4 (C), IL-5 (D) and IL-13 (E) in BAL. All results are means6 SEMs from 4mice per group. i.n.,

Intranasal. *P < .05.
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lowered this ratio to less than 10:1. In contrast, and correlating
with the lack of activity in blocking airway tolerance, activation
of Nod1 did not inhibit the generation of antigen-specific
FOXP31 Treg cells and did not significantly induce IL-4–se-
creting cells, with the result that the ratio of these T cell subsets
remained largely unchanged (Fig 3, C).

Furthermore, blocking OX40L at the time of inhalation of the
Nod2 ligand produced a dramatic effect in that it not only
neutralized the suppressive action of Nod2 on FOXP3 but also
resulted in 3-fold to 4-fold more FOXP31 adaptive Treg cells be-
ing generated over this initial 5-day period. Coordinately, pre-
venting OX40L interactions inhibited the appearance of IL-4–
secreting cells, such that the approximate ratio of FOXP31 to
IL-41 T cells was even more strongly skewed in favor of the
Treg cells (Fig 3, C). This strongly contrasted with the effect
of blocking OX40L in mice exposed to the Nod1 ligand, where
little difference was observed and the ratio of Treg to IL-41 T
cells remained unchanged. Thus, the ability of the Nod2 agonist
to block airway tolerance was completely dependent on OX40-
OX40L interactions that dictated the early balance between
adaptive Treg and effector T cells. We found that there was in-
creased expression of OX40L mRNA in the lung as early as 3
hours after inhalation of the Nod2 agonist, whereas little
OX40L mRNAwas found in naive mice, or mice exposed intra-
nasally to soluble antigen, or mice exposed to antigen and the
Nod1 agonist (Fig 3, D). Correlating with this, OX40L was
visualized at 18 hours on CD11c1CD11b1 cells (Fig 3, E) and
B2201 cells (Fig 3, F) in the lungs of mice that inhaled Nod2
ligand with antigen, but was not detected on the same cells in
mice that inhaled antigen alone, or antigen with Nod1 ligand
(Fig 3, E and F).
TSLP is required for Nod2 to prevent induction of

airway tolerance
The rapid induction of OX40L in the lung after Nod2 stimu-

lation suggested that the epithelial cells or other nonhemato-
poietic cells of the respiratory tract could play a role because they
are the principal cells that would initially encounter inhaled Nod2
ligand. In this regard, TSLP is an innate cytokine that can be
produced by lung epithelial cells, fibroblasts, and smooth muscle
cells.26,27 Transgenic mice that express TSLP in the lung, under
the control of the surfactant protein C promoter, spontaneously
developed asthmalike disease.18 Furthermore, TSLPwas reported
to induce dendritic cells to mature into a TH2-promoting antigen
presenting cells in vitro,27 and this activity was later found to be a
result of the induction of OX40L.28 Correlating with this, intrana-
sal administration of recombinant TSLP promoted TH2-driven
lung inflammation in vivo that was blocked by inhibiting
OX40L activity.29

We therefore screened an array of inflammatory mediators in
lung extracts by RT-PCR, including assessing TSLP expression.
Kinetic studies showed that mRNA levels of all cytokines
analyzed reached a peak at 3 hours after inhalation of Nod2
agonist (data not shown). Interestingly, both Nod1 and Nod2
agonists promoted equivalent levels of IL-6, TNF, IL-1a, and IL-
1b (see this article’s Fig E6 in the Online Repository at www.
jacionline.org), showing that the lack of activity of Nod1 was
not a result of defective expression in the lung, and that both ag-
onists could be recognized in the lung compartment. In contrast,
Nod2 activation promoted significantly more TSLP mRNA ex-
pression in the lung compared with Nod1 activation (Fig 4, A),
and this was supported by increased TSLP protein levels in
BAL detected 36 hours after Nod inhalation with antigen (Fig

http://www.jacionline.org
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FIG 3. Inhaled Nod2 agonist suppresses generation of antigen-specific FOXP31 T cells and alters the Treg:IL-

41 T-cell ratio through OX40L. Thy1.21 OT-II T cells were transferred into Thy1.1 mice. Recipients were then

tolerized/challenged as in Fig 1. A, Number of FOXP31 OT-II T cells in pooled lymph node. B, Number of IL-

4–secreting CD4 T cells. C, The ratio of FOXP31 and IL-4–secreting CD41 cells. D,OX40LmRNA in lung tissue.

E and F,OX40L expression on CD11c1CD11b1 cells (E) and B2201 cells (F) in lung tissue, OVAwith Nod2 (bot-

tom, thick line), OVA with Nod1 (bottom, thin line), OVA alone (top, thin line), and isotype control (gray shad-

ing). Median fluorescence intensities of data plotted in histograms. All results aremeans6 SEMs from 4mice

per group. i.n., Intranasal. *P < .05.
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4, B). In the absence of thymic stromal lymphopoietin receptor in
gene-deficient mice, inhaled Nod2 failed to promote eosinophilia
(Fig 4, C; see this article’s Fig E7 in the Online Repository at
www.jacionline.org) or any signs of bronchovascular infiltration
(Fig 4, D; Fig E7) and TH2 cytokines (not shown). However,
TSLPR-deficient mice were also unable to mount an inflamma-
tory response even when not tolerized (Fig E7), showing a down-
stream role for TSLP as well. Because of this, we assessed early
parameters that might be affected by TSLP during the induction
of tolerance and active regulation. Notably, the Nod2 ligand failed
to induce OX40L expression in the lungs of TSLPR-deficient
mice measured at 3 hours (Fig 4, E). Furthermore, Nod2 activa-
tion promoted rather than suppressed the development of adaptive
FOXP31 Treg cells in the absence of TSLPR, measured over the
initial 5 days of exposure to intranasal OVA, and early IL-4–pro-
ducing T cells were not found, resulting in an immune response
highly skewed toward Treg cells and tolerance (Fig 4, F-H).
This shows that Nod2 inhalation immediately promotes TSLP
that is active in regulating OX40L expression and that this then
controls the development of a suppressive environment. Although
this link between TSLP and OX40L has been discussed for some
time,30,31 this is the first in vivo evidence that physiological induc-
tion of endogenous TSLP regulates OX40L and that this process
coordinately antagonizes the induction of airway tolerance.
IL-25 is necessary for Nod2 agonist to prevent

induction of airway tolerance
Along with TSLP, we found that IL-25 mRNA in the lung at 3

hours, and protein in BAL at 24 hours, were induced after
inhalation of Nod2 ligand with antigen (Fig 5, A and B, respec-
tively). The relative levels were higher than those in mice exposed

http://www.jacionline.org


FIG 4. TSLP is required for Nod2 agonist to prevent airway tolerance. A and B, Wild-type (WT) mice were

tolerized/challenged as described in Fig 1. A, TSLP mRNA in lung tissue. B, TSLP protein in BAL. C-E,

Wild-type and TLSPR knockout (KO) mice were challenged with OVA plus Nod2 agonist as in Fig 1. C, Eo-

sinophils in BAL. D, H&E staining of lung sections (left). Inflammation score (right). E, OX40L mRNA in lung

tissue. F-H, OT-II T cells were transferred into wild-type or TSLPR knockout mice. Recipients were tolerized/

challenged as described. F, Number of FOXP31 OT-II T cells in pooled lymph node. G, Number of IL-4–se-

creting CD4 T cells. H, Ratio of FOXP31 and IL-4–secreting CD41 cells. All results are means 6 SEMs from 4

mice per group. i.n., Intranasal. *P < .05.
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to Nod1 ligand. IL-25, also known as IL-17E, is another innate cy-
tokine that can be produced by bronchial epithelial cells,20 as well
as other cells including eosinophils, basophils, and mast cells.32

IL-25R is expressed on naive T cells, and effector and memory
TH2 cells, and IL-25 can enhance TH2 differentiation.19,20,33,34
Furthermore, transgenic mice expressing IL-25 in lung epithe-
lium, under the control of the Clara cell 10 promoter, exhibited
spontaneous asthmalike lung inflammation.19,20

IL-25–neutralizing antibody was given in a single dose at the
time of exposure to Nod2 ligand. Mimicking the phenotype when



FIG 5. IL-25 is necessary for Nod2 agonist to prevent airway tolerance. A and B, Wild-type (WT) mice were

tolerized/challenged as described in Fig 1. IL-25 mRNA in lung tissue (A) and IL-25 protein in BAL (B). C-H,

Mice were challenged with OVA plus Nod2 agonist as in Fig 1 and treated with anti-IL-25 or control IgG. C,

Eosinophils in BAL. D, H&E staining of lung sections (left). Inflammation score (right). E, OX40L mRNA ex-

pression. F-H, OT-II T cells were transferred into Thy 1.11 mice. Recipients were tolerized/challenged as de-

scribed. F, Number of FOXP31 OT-II T cells in pooled lymph node. G, Number of IL-4–secreting CD4 T cells.

H, The ratio of FOXP31 and IL-4–secreting CD41 cells. All results are means6 SEMs from 4mice per group.

i.n., Intranasal. *P < .05.
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OX40Lwas blocked, and in TSLPR-deficient mice, we found that
inhibiting IL-25 essentially ablated the ability of Nod2 stimula-
tion to overcome tolerance and lead to TH2 priming, eosinophilia,
and lung inflammation (Fig 5, C and D; data not shown). In con-
trast with the absence of TSLPR signaling, blocking IL-25 had no
effect on the early induction of OX40L in the lung at 3 hours (Fig
5, E). However, IL-25 was still required for suppression of Treg
cell development and promotion of early IL-4–secreting T cells
that were generated over the initial 5 days after inhalation of
Nod2 (Fig 5, F-H). Thus, Nod2 activation in the lung can strongly
influence airway tolerance and development of allergic disease.
Both TSLP and IL-25 contribute to the ability of Nod2 signals
to antagonize tolerance and lead to asthmatic lung inflammation,
in part through promoting OX40-OX40L interactions and in part
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through independent activities likely directed to responding
antigen-reactive naive CD4 T cells.
DISCUSSION
Genetic predisposition and environmental triggers have been

proposed to be risk factors that lead to asthma and allergic
disease.35 By finding that bacterial peptidoglycan derivatives that
target the intracellular Nod2 pattern recognition receptor were
sufficient for blocking the induction of airway tolerance and elic-
iting TH2-driven lung inflammation, our data now uncover a new
susceptibility factor for development of allergic asthma.

Many candidate genes have been proposed to associate with
asthma and allergy, including genes relevant to innate immunity,
epithelial biology, and mucosal adaptive immunity.35 The intra-
cellular pattern recognition receptors Nod1 and Nod2 have been
linked not only with atopic disease36,37 but also with other com-
plex diseases such as Crohn disease,38 implying that there may
be a fundamental role of innate NLR in regulatingmucosal immu-
nity. In line with this, exogenous treatment with MDP was found
to prevent oral tolerance and increase lymphocyte infiltration in
the intestine mucosa.11 Nod1 and Nod2 activation can result in
primary antigen-specific TH2 responses when their ligands are
given systemically in the peritoneal cavity,39,40 and these data
can also be viewed as evidence in support of the broad association
studies. Interestingly, however, in the airway, Nod2 and Nod1 had
differential activity, with only Nod2 signals blocking tolerance.
Inhalation of both Nod1 and Nod2 ligands induced the proinflam-
matory cytokines IL-6, TNF, and IL-1, leading to the conclusion
that these factors alone are not sufficient to suppress the genera-
tion of Treg cells and initiate a productive TH2 response. Instead,
we conclusively showed that Nod2 displayed these functional ac-
tivities by promoting TSLP, OX40L, and IL-25 expression.

We have previously shown that TLR4-driven asthmatic lung
inflammation initiated by intranasal exposure to LPS is addition-
ally dependent on OX40-OX40L interactions.4 Intratracheal in-
jection of LPS, or house dust mite extract that contains LPS,
was further found to promote lung expression of IL-25 and/or
TSLP,5 and we have confirmed that inhalation of LPS results in
equivalent induction of TSLP and IL-25 compared with inhala-
tion of MDP (data not shown). This implies that TLR4 signals
also can promote the same program as Nod2 signals, although
data demonstrating the requirement for TSLP and IL-25 in break-
ing airway tolerance after TLR4 triggering are lacking. However,
combined these data suggest it is likely that Nod2 and TLR4 sig-
nals in the lung lead to common intracellular pathways that result
in TSLP and IL-25 production, and subsequently TSLP-induced
OX40L expression. The source, or sources, of TSLP and IL-25
are unclear. TLR4 signals in the nonhematopoietic compartment,
presumably to radioresistant lung structural cells, were shown
necessary for LPS to induce TH2 cells and inflammation.5 There-
fore, in the lung, the bronchial epithelial cell is a likely candidate
for producing TSLP and IL-25, although other nonhematopoietic
and structural cells such as stromal cells, fibroblasts, or smooth
muscle cells are all possibilities for receiving Nod2 as well as
TLR4 signals and hence being a source of these cytokines. TNF
and IL-1b can promote TSLP production by human airway epi-
thelial cells in vitro,41 and we did observe increased TNF and
IL-1b expression after Nod2was inhaled. However, Nod1 equally
led to induction of these cytokines without resulting in strong
TSLP expression or the induction of a TH2 response, implying
that the epithelial cell might not be the only source of TSLP in
the lung or, more likely, that other signals, perhaps direct and pro-
vided by Nod2, are required for TSLP production. IL-25 was first
found to be a product of memory TH2 cells,33 but it can also be
produced by airway epithelial cells, as well as several other
lymphoid cells.20,32 Therefore, again there may not be 1 source
of IL-25 that is promoted by Nod2.

One downstream target of TSLP is likely an APC such as a
dendritic cell.28 Nod2 activation resulted in OX40L expression on
CD11c1 cells and B2201 cells in the lung, and this was fully de-
pendent on TSLP. Furthermore, dendritic cells have been pro-
posed to initiate the development of proallergic asthmatic
reactions.42 TSLP was reported to stimulate T cells directly.43

However, we argue that the primary action of TSLP in our studies
is in promoting OX40L, because Nod2 suppression of Treg-cell
development and induction of early IL-4–secreting cells was
completely dependent on host TSLPR, with neither of the latter
activities evident when wild-type (TSLPR1) transgenic T cells
were responding in the knockout mice. In contrast, IL-25 did
not affect OX40L expression in the lung, but it was required for
determining the early balance between FOXP31 Treg cells and
IL-4–secreting effector T cells. Therefore, it is likely that IL-25
acts at least in part directly on the T cells, providing further syn-
ergistic signals that integrate with those from OX40-OX40L
interactions.

Our data lead to the question of whether Nod2 ligands play an
important role in initiation or exacerbation of human asthma. In
mouse models, this could be partially addressed by assessing
responses to human allergens. However, there is a strong caveat to
these studies in that responses to such natural allergens are
generally addressed through the use of manufactured extracts,
such as from house dust mite, Alternaria, and Aspergillus, which
is unlikely to be the form in which the antigenic proteins from
these species are encountered normally. Furthermore, these ex-
tracts might be contaminated during the extraction procedure,
leading to responses dominated by the contaminant rather than
a natural MAMP. For example, although house dust mite antigen
has been found to possess a mimic of MD2, a component of
TLR4, the response to this antigen or an extract of house dust
mite has still been shown to require LPS,6 which is presumably
not from house dust mite itself. Correlating with our previous
data showing that LPS can prevent airway tolerance induction
in an OX40L-dependent manner,4 it has been found that lung in-
flammatory responses to house dust mite extract are also depen-
dent on OX40L.44 However, rather than the human allergen
itself being unique and possessing a Nod2 ligand, a more plausi-
ble hypothesis is that this MAMP, or an agent that would trigger
Nod2 activation, would be provided during infection with bacte-
ria such as Streptococcus pneumoniae and viruses such as respi-
ratory syncytial virus, which have been linked to asthma
susceptibility or exacerbation.13-15,45 MDP is expressed in pepti-
doglycans of most gram-negative and gram-positive bacteria, and
viral ssRNAwas recently found to activate Nod2.12 Therefore, fu-
ture studies assessing the requirement for Nod2 during lung in-
flammatory responses initiated by or with a concomitant
bacterial or virus infection will be most relevant to understanding
further the role of Nod2 in susceptibility to human asthma.

In summary, our data support the idea that the recognition of
microbial products by innate receptors plays a critical role in
regulating adaptive immunity in the airway mucosa. The hygiene
hypothesis, first proposed by Strachan46 in 1989, posited that
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immune responses elicited by microbial compounds in childhood
protect against the development of allergic diseases. However,
this simple view has been challenged by evidence, including
that provided here, that activation of the immune system by mi-
crobial products may be a causative factor for the development
of allergies and asthma. Ultimately, the exposure of human beings
to microbial products will be highly complex. TLR2 and TLR4
have been studied most extensively in terms of allergic disease
but without any consensus regarding their activity. As mentioned,
TLR4 can certainly support TH2 cells and allergic asthma, but this
is a dose-dependent activity.3-5 Similarly, TLR2 can have a TH2-
biasing adjuvant activity and can promote airway eosinophilia
and hyperreactivity.47-49 However, there are reports of TLR4
and TLR2 antagonizing asthma progression.50-53 This is probably
related to the level of signaling through these receptors, the ratio
of hematopoietic to nonhematopoietic cells that are directly stim-
ulated, and the innate inflammatory factors initially induced. Sim-
ilarly, we found a dose-dependent effect of Nod2 in that a 2-fold
higher dose given intranasally did not break tolerance and lead to
asthma susceptibility (see this article’s Fig E8 in the Online Re-
pository at www.jacionline.org). Very high doses of LPS favor
IL-12 production and TH1 responses, which may not lead to
TSLP and IL-25 secretion or may simply override the activity
of these cytokines. Whether Nod2 stimulation will follow a sim-
ilar paradigm is not clear. However, it is likely that the ultimate
phenotype of the immune response, and propensity to diverge
to allergic disease, will be determined by the dominant innate im-
munologic cascade that is induced by exposure to either NLR and
TLR ligands, and the key to developing diseases such as asthma
will lie in the concomitant or stepwise induction of TSLP,
OX40L, and IL-25.

We thank YanFei Adams for technical assistance.
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Key messages

d Nod2 activation in the airways prevents tolerance to in-
haled allergen.

d Nod2 induces the innate cytokines TSLP and IL-25, and
OX40L, in the lung.

d Nod2 activation blocks induction of CD41FOXP31 adap-
tive Treg cells and promotes IL-41CD41 T cells.
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METHODS

Mice
C57BL/6 and B6.PLThy1a (Thy1.1) mice were from The Jackson Labo-

ratory. OT-II TCR transgenic mice, bred in house on the BL/6 background,

were used as a source of Vb5/Va2/Thy1.2 CD4 T cells responsive to the

peptide OVA-323–339. OX40 knockout miceE1 and TSLPR knockout miceE2

on the BL/6 background were bred in house. All experiments were conducted

following the guidelines of the La Jolla Institute for Allergy and Immunol-

ogy’s Institutional Animal Care and Use Committee.

Airway tolerance and allergic airway inflammation
Airway tolerance was induced similar to already described protocols.E3

Briefly, on day 0, micewere exposed to 100mg soluble OVA (Worthington Bi-

ochemical Corp, Lakewood, NJ) in PBS, or to PBS alone, given intranasally

for 3 consecutive days. Nine days after the last intranasal OVA treatment,

mice were sensitized by intraperitoneal injection of 20 mg OVA protein

(chicken egg albumin; Sigma-Aldrich, St Louis, Mo) adsorbed to 4 mg alumi-

num hydroxide (Alum; Pierce Chemical Co, Rockford, Ill). On day 24 or later,

micewere challenged via the airways with OVA aerosol in awhole-body Plex-

iglas box (10 mg/mL in 15 mL of PBS) for 20 minutes, once a day for 4 con-

secutive days, by ultrasonic nebulization. The Nod1 ligand, synthetic FK156

(D-lactyl-L-Ala-g-D-Glu-meso-DAP-Gly), was obtained from Fujisawa Inc

(Osaka, Japan). The Nod2 ligand, MDP (MurNAc-L-Ala-D-isoGln), was a

kind gift of Dr Dana Philpott (University of Toronto) or was purchased

from Invivogen (San Diego, Calif). Specificity and purity of Nod1 and

Nod2 agonists were tested as previously described.E4,E5 Nod agonists or

alum were mixed with OVA as described in the figure legends before injection

intraperitoneally or intranasally. Anti-OX40L,E6,E7 anti–IL-25,E8 or control

rat immunoglobulin were injected intraperitoneally (100-200 mg) at the

time of exposure to Nod1 or Nod2.
Bronchoalveolar lavage and lung histology
Bronchoalveolar lavage was performed 24 hours after the last OVA

aerosol challenge. BAL fluid was examined for cytokine content by ELISA.

For cytologic examination, BAL cells were spun on a slide by using a

Cytospin (Thermo Shandon, Pittsburgh, Pa), fixed, and stained with Protocol

HEMA3 (Fisher Scientific Company, LLC, Pittsburgh, Pa). A differential

cell count was then performed on at least 500 cells in each cytospin slide.

For lung histology examination, 5-mm sections were cut and stained with

H&E for examining cell infiltration. Magnification 3200 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 was

evaluated on a subjective scale of 0 to 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 (1 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 perivas-

cular inflammation scores.
Adoptive transfer
Naive OVA-specific CD252 CD4 cells were isolated from spleen of OT-II

mice with CD4 T Cell Isolation Kits (Miltenyi Biotec). Cell suspensions were

incubated with the biotinylated antibody cocktail, supplemented with biotiny-

lated antimouse CD25, followed by magnetic antibiotin microbeads and neg-

ative selection on LS MACS columns according to the manufacturer’s

instructions. The CD4 purity was >90%, with >95% of resulting cells express-

ing the Va2Vb5 transgene and less than 0.1% CD41CD251 cells. A total of 5

3 106 OT-II CD4 cells were injected intravenously into B6.PL Thy1.1 con-

genic mice, which were then exposed to soluble OVA or OVA mixed with

Nod2 given intranasally.
Flow cytometry
To track adaptive FOXP31 CD4 cells after adoptive transfer, lymph nodes

from individual mice were harvested, homogenized, and treated with red

blood cell–lysing buffer (Sigma, St Louis, Mo). After Fc block with the

2.4G2 mAb, cells were stained with anti-Thy1.2 (53-2.1–fluorescein isothio-

cyanate), anti-CD4 (RM4–5-peridinin chlorophyll protein complex) and anti-

CD25 (7D4-APC; BD Biosciences) and then intracellularly for FOXP3 (FJK-

16s-phycoerythrin) with a kit from eBioscience. Rat IgG1 (BD Biosciences,

San Diego, Calif) was used as isotype control. For OX40L expression, lung

tissue and lung draining lymph nodes were collected 24 hours after exposure

to intranasal OVA, or OVA and Nod2 or Nod1 agonist. Lung tissues were di-

gested with collagenase D and deoxyribonuclease. Single-cell suspensions

were stained with anti-OX40L–phycoerytrhin, CD11c–fluorescein isothiocy-

anate, B220–Pacific Blue, and CD11b-PerCP-Cy5.5. Rat IgG-phycoerythrin

was used as isotype control. All samples were analyzed with FACS LSRII

(BD Biosciences) and FlowJo (Tree Star, Ashland, Ore) software.

Ex vivo ELISPOT assay
A total of 13 106 cells from total lymph nodewere culturedwithmedium or

20 mg/mL OVA peptide in flat-bottom 96-well nitrocellulose plates (Immobi-

lon-P membrane; Millipore, Billerica, Mass) that had been precoated with 2

mg/mL antimouse IL-4 mAb (BD Biosciences). After 48 hours, plates were

washed with PBS/0.5% Tween 20 and then incubated with 2 mg/mL biotiny-

lated antimouse IL-4 mAb (BD Biosciences) for 2 hours at 378C. After addi-
tional washes with PBS/0.5% Tween, spots were developed by incubation

with Vectastain ABC peroxidase (Vector Laboratories, Burlingame, Calif),

then 3-amino-9-ethylcarbazole solution (Sigma-Aldrich), and counted by

computer-assisted image analysis (ZeissKSELISPOTReader, Jena,Germany).

RT-PCR and real-time PCR
Lung tissue was homogenized with TISSUE MASTER (OMNI Interna-

tional). Total RNA was isolated using the TRIzol reagent (Invitrogen). An

aliquot of total RNA (5 mg) was reverse-transcribed to cDNA by using the

SuperScript III (Invitrogen). The oligonucleotide primer sequences were as

follows: OX40L forward primer, 59-GGGAAGGGGTTCAACCCCTGG-39,
and OX40L reverse primer, 59-GAAGAG AGT TGC AGG CAG ACA-39; IL-
1a forward primer, 59-GCC AGT TGA GTA GGA TAA AGG-39, and IL-1a

reverse primer, 59-CAG TCT GTC TCC TTC TTG AGG-39; IL-1b forward

primer, 59-CTC CATGAGCTT TGTACAAGG-39, and IL-1b reverse primer,

59-TGC TGATGTACCAGTTGGGG-39; IL-6 forward primer, 59-GACAAA

GCC AGAGTC CTT CAG AGAG-93, and IL-6 reverse primer, 59-CTAGGT

TTG CCG AGT AGA TCT C-39; TSLP forward primer, 59-TCG AGG ACT

GTG AGAGCA AGC CAG-39, and TSLP reverse primer, 59-CTG GAG ATT

GCATGA AGG AAT ACC A-39; IL-25 forward primer, 59-CGG AGG AGT

GGCTGAAGTGGAG-39, and IL-25 reverse primer, 59-ATGGGTACCTTC

CTC GCC ATG-39. Real-time PCR assay was carried out with LightCycler

(Roche Diagnostics, Basel, Switzerland) by using LightCycler 480 SYBR

Green I master (Roche Diagnostics). Data are presented as normalized to

ribosomal protein housekeeping gene L32.

ELISA
Murine cytokines in BAL fluid were assayed by ELISA using paired

antibodies, according to the manufacturers’ recommendations. IL-4 and IL-5

ELISAwere obtained from BD PharMingen (San Diego, Calif). IL-13, TSLP,

and IL-25 were purchased from R&D Systems (Minneapolis, Minn). Lower

limits of detection were as follows: IL-4 and IL-5 at 4 pg/mL; and IL-13,

TSLP, and IL-25 at 4 pg/mL.

AHR
Airway hyperresponsiveness to methacholine was assessed 24 hours after

the finalOVA inhalation in intubated and ventilatedmice (FlexiVent ventilator;

Scireq, Montreal, Quebec, Canada) anesthetized with ketamine (100 mg/kg)

and xylazine (10 mg/kg) intraperitoneally. The dynamic airway resistancewas

determined by using Scireq software in mice exposed to nebulized PBS and

methacholine (3, 24, 48 mg/mL).
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Statistical analysis
Where appropriate, data were analyzed by using the Student t test. Unless

otherwise indicated, data represent the means6 SEMs. P <.05 was considered

significant and is indicated by an asterisk.
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FIG E1. Treatment protocols. The timeline of the protocols used in Figs 1 and 2 (A) and in Figs 4 and 5 (B).

i.n., Intranasal; i.p., intraperitoneal; KO, knockout; WT, wild-type.
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FIG E2. AHR results from inhalation of Nod2 agonist with antigen. Wild-

type mice were challenged as described in Fig 1. Airway hyperresponsive-

ness to methacholine (MCh) was assessed 24 hours after the final OVA in-

halation by using a FlexiVent. All results aremeans6 SEMs from 4mice per

group. i.n., Intranasal. *P < .05.

J ALLERGY CLIN IMMUNOL

NNN 2010

10.e4 DUAN ET AL



FIG E3. Specificity of Nod2 agonist. Wild-type and Nod2 knockout (KO)

mice were exposed to OVA and/or Nod2 agonist intranasally (i.n.), as in

Fig 1. Eosinophilia in BAL was examined. Data are means 6 SEMs from 4

mice per group. *P < .05.
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FIG E4. Nod 2 ligand does not induce airway inflammation in the absence

of antigen. A, Wild-type B6 mice were treated intranasally (i.n.) with Nod2

ligand in the absence of antigen (group A), or mice were treated i.n. with

Nod2 ligand, and then 10 days later challenged i.n. with either Nod2 ligand

(group B) or PBS (group C). Wt B6 mice were tolerized, immunized, and

challenged as described in Fig 1 (group D), shown as positive control. B, Eo-

sinophilia in BAL. All results are means6 SEMs from 4 to 5 mice per group.

*P < .05.
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FIG E5. Nod 2 ligand prevents tolerance induction only when inhaled concomitantly with antigen.Wild-type

mice were tolerized/challenged as described in Fig 1. Nod2 ligand was given intranasally (i.n.) 48 hours be-

fore, 24 hours before, 24 hours after, and 48 hours after initial exposure to soluble OVA. A, Timeline of the

protocol. B, Eosinophilia in BAL. Results are means 6 SEMs from 3 mice per group. *P < .05.
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FIG E6. Induction of inflammatory cytokines by Nod2 and Nod1 agonist when inhaled. Wild-type mice were

exposed to OVA and Nod1 or Nod2 agonist intranasally (i.n.), as in Figs 4 and 5. mRNA levels of IL-6 (A), TNF

(B), IL-1a (C), and IL-1b (D) from whole lung tissue at 3 hours. Data are means 6 SEMs from 5 mice per

group. All results are representative of at least 2 experiments. *P < .05.
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FIG E7. The role of TSLP in airway inflammation. In addition to studies in Fig 4, TLSPR knockout (KO) mice

were exposed to intranasal (i.n.) PBS and then primed and challenged as described in Fig 1. A, Eosinophils

in BAL. B, Representative H&E staining of lung sections. C, Corresponding inflammation score. num, Num-

ber; WT, wild-type. *P < .05.
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FIG E8. High doses of Nod2 agonist do not prevent induction of airway

tolerance.Wild-typeB6micewere tolerized/challenged as described in Fig 1.

A total of 50or 100mgNod2agonistwasgiven intranasally (i.n.) at the timeof

tolerance induction. Eosinophils in BAL. Data are means 6 SEMs from 4

mice per group. *P < .05.
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