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MyD88 is a common Toll-like receptor (TLR) adaptor molecule found to be essential for induction of adaptive
Th1 immunity. Conversely, innate control of adaptive Th2 immunity has been shown to occur in a MyD88-
independent manner. In this study, we show that MyD88 is an essential innate component in the induction of
TLR4-dependent Th2 responses to intranasal antigen; thus we demonstrate what we believe to be a novel role
for MyD88 in pulmonary Th2 immunity. Induction of the MyD88-independent type I IFN response to LPS
is defective in the pulmonary environment. Moreover, in the absence of MyD88, LPS-induced upregulation
of costimulatory molecule expression on pulmonary DCs is defective, in contrast to what has been observed
with bone marrow-derived DCs (BMDCs). Reconstitution of Th2 responses occurs upon adoptive pulmonary
transfer of activated BMDCs to MyD88-deficient recipients. Furthermore, the dependence of Th2 responses
on MyD88 is governed by the initial route of antigen exposure; this demonstrates what we believe are novel
site-specific innate mechanisms for control of adaptive Th2 immunity.

Introduction

The immune system is constantly faced with the challenge of
generating a potent defense against pathogenic organisms while
maintaining tolerance to both self and innocuous environmen-
tal antigens. Appropriate control of adaptive immune responses
is a central element in preserving this fine balance. When this
balance is lost, pathological conditions such as autoimmunity
and impaired resistance to infection ensue. Toll-like receptors
(TLRs) have been found to be critical players in appropriate and
balanced immune responses.

Lymphocyte activation is highly regulated. In particular, CD4"
T cell activation is dependent on the interaction of the TCR with
MHC class IL:peptide complexes on APCs (1, 2). In addition, full
responsiveness requires the engagement of CD28 by costimulatory
molecules such as CD80 or CD86 (3, 4). Innate immune system
signals, such as those delivered through TLRs, are believed to
be pivotal to the regulation of both MHC class II:peptide and
costimulatory molecule expression, allowing the host to discrimi-
nate self from infectious non-self. Induction of inflammatory
cytokines including TNF-o and type I IFN by TLRs further ensures
potent responses to infectious agents (5-7).

MyD88 is a critical common adaptor molecule shared by TLRs
(8,9). Signaling through several TLRs is completely MyD88 depen-
dent. However, MyD88-independent pathways exist for some TLRs
(10, 11). Prior studies have demonstrated that in the absence of
MyD88, Th1 responses are abrogated, which indicates a clear role
for TLR/MyD88-dependent signaling in the control of adaptive
Th1 immunity. Conversely, studies have demonstrated intact or
augmented Th2 responses in the absence of MyD88 (12-16). These
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data suggested that the elicitation of Th2 responses involves innate
immune signals that are MyD88 independent, and therefore TLR
independent. However, given the ability of several TLRs to signal in
a MyD88-independent manner, it remained conceivable that Th2
responses could be elicited through a TLR-dependent/MyD88-
independent pathway. Support for the latter hypothesis came from
a study demonstrating that bone marrow-derived DCs (BMDCs)
lacking MyD88 can induce Th2 responses to LPS in vitro through
the engagement of a TLR4-dependent signaling pathway (12). This
study thus demonstrated a TLR4-dependent/MyD88-independent
mechanism for Th2 generation.

In further support of the existence of a TLR-dependent mode
of Th2 generation, our and others’ recent in vivo findings indicate
that Th2 responses to OVA are TLR4 dependent (17, 18). Using a
murine model of asthma, characterized by airway inflammation,
eosinophilia, and mucus hypersecretion in response to intranasal
antigen, we found that the dose of LPS regulates the induction of Th2
versus Th1 responses, with intranasal antigen requiring concomitant
low-dose LPS signaling through TLR4 to induce allergic pulmonary
Th2 responses. LPS signaling through TLR4 engages 2 major path-
ways of immune activation. Production of inflammatory cytokines
such as TNF-a has been demonstrated to be MyD88 dependent.
Conversely, LPS/TLR4-responsive upregulation of costimulatory
molecules, and the induction of IFN-f3 and a cassette of IFN-respon-
sive immune mediators, have been demonstrated previously to be
MyD88 independent (19-22). Since previous studies supported the
concept that Th2 responses remain intact in the absence of MyD88,
and given that LPS signaling through TLR4 engages both MyD88-
dependent and MyD88-independent pathways (20, 21, 23, 24), we
questioned whether the TLR4-dependent generation of allergic Th2
pulmonary responses resulted from LPS engagement of the TLR4-
dependent/MyD88-independent pathway.

We show in the present study that Th2 sensitization to intranasal
antigen in the presence of LPS is MyD88 dependent, in part because
of the requirement of MyD88 for effective pulmonary DC matu-
ration in response to LPS. Such MyD88-dependent maturation of
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Figure 1

Th2 responses to intranasal protein antigen are MyD88 dependent. (A) BAL inflammatory cells of WT, MyD88-deficient, or TLR4d mice sensi-
tized intranasally with OVA/LPS and WT mice sensitized with PBS. Exposed mice were then challenged 2 weeks later with inhaled OVA. Total
bar height represents total BAL cell number, and error bars are based on total cell numbers. Stacked bars represent cell differential counts.
n=4.*P < 0.05, total BAL cell number from WT vs. MyD88-deficient and WT vs. TLR4d. One representative experiment of 4 is shown. (B) OVA-
specific serum antibody responses by ELISA after challenge with OVA in WT, MyD88-deficient, and TLR4d mice sensitized as described in A.
P < 0.05, WT vs. MyD88-deficient and WT vs. TLR4d, for IgE and IgG1 responses. (C) Cytokine production from lung draining lymph nodes after
challenge with OVA in WT, MyD88-deficient, and TLR4d mice sensitized as described in A.

pulmonary DCs is due to the inability of LPS to engage the MyD88-
independent pathway in the pulmonary environment. This MyD88-
dependent maturation is in contrast to the MyD88-independent
maturation observed in BMDCs. Moreover, activated BMDCs can
reconstitute Th2 responses in the pulmonary system of MyD88-
deficient recipients. In conclusion, the utilization of the innate
TLR4/MyD88 components in the induction of Th2 responses is
determined in a site-specific manner.

Results
Th2 responses to intranasal protein antigen are MyD88 dependent. We have
previously developed a murine model for asthma based on sen-
sitization to inhaled OVA in the absence of the traditionally used
adjuvant aluminum hydroxide (25). Th2 responses generated in
this model are characterized by airway inflammation, eosinophilia,
mucus hypersecretion, IgE production, and production of predomi-
nantly Th2 cytokines. We have found that the generation of these
Th2 responses required low doses of LPS acting in a TLR4-depen-
dent manner (17). However, recent studies by others have demon-
strated that in the absence of MyD88, Th2 responses are intact or
augmented, which suggests that Th2 cells are activated in a MyD88-
independent fashion (12-15). Since LPS signals through both
MyD88-dependent and MyD88-independent pathways, we sought
to determine the roles of these pathways in the Th2 sensitization of
mice to intranasal antigen. WT, TLR4-defective (C.C3H-TLR4MS-d
[TLR4d]), or MyD88-deficient mice were sensitized with PBS or OVA
with low-dose LPS (OVA/LPS) intranasally.

Two weeks later, all groups of mice were challenged with intra-
nasal OVA. As shown in Figure 1A, WT mice exposed to intra-
nasal OVA/LPS compared with PBS demonstrated significant
increases in total bronchoalveolar lavage (BAL) cell number
with a characteristic eosinophilic infiltrate, indicative of a Th2
response. Moreover, both OVA-specific IgG1 and IgE were sig-
nificantly induced in these mice (Figure 1B). As we have previ-
ously reported, these responses were significantly diminished in
TLR4d mice, which demonstrates the LPS-specific TLR4 depen-
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dence of this Th2-mediated response. Surprisingly, however,
MyD88-deficient mice also demonstrated diminished responses
to OVA/LPS, with abrogation of IgE production and significant
reductions in airway inflammation and eosinophilia (Figure 1,
A and B). Generation of the Th2 cytokines IL-4,IL-5, and IL-13 in
the draining lymph node was also significantly reduced in both
TLR4- and MyD88-deficient mice (Figure 1C). These data indi-
cate that the response to intranasal sensitization with OVA/LPS
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Figure 2

Th2-mediated lung inflammation can occur in the absence of MyD88.
(A) BAL inflammatory cells of WT and MyD88-deficient mice sensitized
with OVA/LPS intranasally or OVA/alum i.p. Exposed mice were then
challenged 2 weeks later with inhaled OVA. Total bar height repre-
sents total BAL cell number at day 21 after challenge. Error bars are
based on total cell numbers. Stacked bars represent cell differential
counts. n = 4. *P < 0.05, WT vs. MyD88-deficient mice primed with
OVA/LPS. One representative experiment of 3 is shown. (B) BAL
inflammatory cells of WT and MyD88-deficient mice sensitized intra-
nasally with OVA/LPS or OVA/TNF-a.. Exposed mice were then chal-
lenged 2 weeks later with inhaled OVA. Total bar height represents
total BAL cell number at day 21 after challenge. Error bars are based
on total cell numbers. Stacked bars represent cell differential counts.
n=4."P < 0.05, WT vs. MyD88-deficient mice primed with OVA/LPS.
One representative experiment of 3 is shown.
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Figure 3

Phenotype of lung cells in the absence of collagenase digestion. (A) Unstimulated lung
cells harvested from WT mice with and without collagenase digestion and analyzed by
FACS. Percentage yield and total number of CD11c* cells obtained from resting lung
by collagenase digestion (D) are shown compared with those from nondigested tissue
(N). (B) Analysis of non-CD11c* cell population from nondigested lung tissue by FACS.
Expression of cell markers Mac1, B220, Gr1, y3, NK, CD4, and CD8 on non-CD11c* cells
is shown on forward scatter (Fsc) compared with an isotype control. Numbers indicate the

percentage of live cells positive for the indicated cell marker.

is not only TLR4 dependent but, unlike previously studied Th2-
inducing antigens, is also MyD88 dependent.

Th2-mediated lung inflammation can occur in the absence of MyD88.
The loss of Th2 responses to intranasal OVA protein at low
doses of LPS in MyD88-deficient mice, described above, could
be due to a defect in sensitization, a defect in recruitment of
inflammatory Th2 cells to the lung, or both. To test whether
MyD88 has an effect on recruitment of inflammatory cells to
the lung, we used 2 TLR/MyD88-independent sensitization pro-
tocols and analyzed the role of MyD88 in the challenge phase
of the response. The first protocol entailed the commonly used
1.p. sensitization with OVA in the presence of alum (26). Alum
is a Th2 adjuvant devoid of microbial components. Thus, its
action is considered to be independent of TLR signaling. We
have previously demonstrated the induction of robust Th2
responses to OVA in alum in TLR4d mice, indicating that LPS
was not required for these responses (17). WT and MyD88-defi-
cient mice were sensitized with either OVA/alum i.p. or OVA/
LPS intranasally. Two weeks later all mice were challenged with
intranasal OVA. As shown in Figure 2A, MyD88-deficient mice
had eosinophilic inflammation in the lung similar to thatin WT
mice following i.p. sensitization with OVA/alum and intranasal
OVA challenge. This is in agreement with prior studies demon-
strating MyD88 independence of Th2 responses induced using
OVA/alum sensitization (13).
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prime rather than an intrinsic defect in the ability
to recruit Th2 cells to the lung.

Activation of pulmonary DCs requires MyD88.
DC surface expression of MHC class II and B7
costimulatory molecules is essential for naive
T cell activation and thus for induction of Th2
responses (30). Prior studies have demonstrated
that in response to LPS, BMDCs from MyD88-
deficient mice retain the capacity to upregulate
both these molecules at levels similar to those
of WT BMDCs (21). However, given the loss of
Th2 responses to intranasal OVA in MyD88-deficient mice, we
sought to determine the capacity of pulmonary DCs to upregulate
expression of these molecules in response to LPS. We have previ-
ously demonstrated the preferential uptake and presentation of
intranasally administered antigen to antigen-specific T cells by
pulmonary cells expressing the DC marker CD11c (31). In order
to maximize the yield of CD11c* cells and to minimize poten-
tial in vitro activation, we isolated lung cells in the absence of
collagenase digestion. Animals used for our experiments were also
kept in clean facilities to minimize potential induction of pulmo-
nary activation by environmental microbes. The isolation of lung
cells from these animals in the absence of collagenase leads to
a greater percentage of CD11c" cells as compared with isolation
with collagenase digestion, although the total numbers of CD11c*
cells obtained are comparable (Figure 3A). Our data agree with
others’ in that very few inflammatory cells were observed in the
resting lung (25, 32-35). The non-CD11c¢* cells that we obtained
by this method included a Mac1* cell population, as previously
described (31) (Figure 3B); few B cells, granulocytes, T cells, NK
cells, and yd cells were observed (Figure 3B).

In order to examine the response of pulmonary DCs to LPS in
vivo, WT and MyD88-deficient mice were subjected to intranasal
administration of OVA/LPS. Lung cells were harvested, and the
phenotype of CD11c* lung cells was observed. Expression of both
MHC class IT and CD86 on CD11c* lung cells was increased in
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WT mice, compared with PBS controls, in response to OVA/LPS
(Figure 4A). However, MyD88-deficient mice failed to upregulate
MHC class IT and CD86 on CD11c* pulmonary DCs following
exposure to intranasal OVA/LPS (Figure 4A). Consistent with
previous studies, CD11c* BMDCs from both WT and MyD88-
deficient mice did upregulate MHC class IT and CD86 in response
to OVA/LPS in vitro (Figure 4B). These results suggested that the
inability to induce Th2 responses in the absence of MyD88 is due
in part to defective pulmonary DC maturation.

One possible explanation for the observed divergence in
response between pulmonary DCs and BMDCs lies in differ-
ences between in vivo and in vitro modes of stimulation. Thus,
to more directly compare the effects of LPS on pulmonary DCs
versus BMDCs, both CD11c* lung cells and BMDCs from WT
and MyD88-deficient mice were stimulated in vitro with differ-
ent doses of LPS, and CD86 expression was determined. Our find-
ings indicate that WT pulmonary DCs were less responsive to LPS
than BMDCs in vitro (Figure SA). Moreover, in accord with our in
vivo studies and in contrast to the results with BMDCs, increased
CD86 expression on pulmonary DCs was MyD88 dependent (Fig-
ure 5, B and C). In summary, these data indicate that pulmonary
DC activation is MyD88 dependent.

Pulmonary type I IFN expression is defective in response to LPS. LPS
engagement of the MyD88-dependent pathway is characterized
by induction of inflammatory cytokines such as TNF-a. LPS
engagement of the MyD88-independent pathway is character-
ized centrally by induction of IFN-f. More generally, TLRs can
be divided into subgroups based on their ability to induce IFN-f
(36). In particular, TLR4 and TLRY have been demonstrated to
possess the capacity to induce IFN-f production. These TLRs can

Figure 5

MyD88-deficient pulmonary DCs demonstrate defective activation in
response to LPS in vitro. (A) Change in CD86 expression at 24 hours
on CD11c* lung cells from WT mice and CD11c* BMDCs generated
from WT mice responding to stimulation with varying doses of LPS in
vitro. Bar heights represent the mean of 3 independent experiments.
(B) Change in CD86 expression at 24 hours on CD11c* BMDCs
generated from WT and MyD88-deficient mice. (C) Change in CD86
expression at 24 hours on CD11c* lung cells from WT and MyD88-
deficient mice. *P < 0.05, WT vs. MyD88-deficient lung cells and WT
lung cells vs. WT BMDCs.
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Figure 4

Pulmonary DCs are not activated by LPS in the absence of MyD88
in vivo. (A) MHC class Il and CD86 FACS analysis, at 48 hours, of
CD11c* lung cells from WT and MyD88-deficient mice sensitized to
OVA/LPS or PBS intranasally. (B) MHC class Il and CD86 FACS analy-
sis of CD11c* BMDCs generated from WT and MyD88-deficient mice
pulsed with OVA/LPS overnight or left untreated (no Tx).

be further divided based on the adaptor molecule responsible
for such IFN-B production. IFN-f induction by CpG engage-
ment of TLRY has been demonstrated to be MyD88 dependent.
In contrast, IFN-f induction by LPS engagement of TLR4 has
been demonstrated to be MyD88 independent, mediated instead
by the recently identified adaptor molecule TIR domain-con-
taining adaptor inducing IFN-B (TRIF) (23, 24). In this regard,
IFN-f expression has been used as a measure of activation of the
MyD88-independent pathway subsequent to the engagement of
TLR4 by LPS. LPS engagement of the TLR4/MyD88-indepen-
dent pathway has been previously considered to be sufficient for
upregulation of costimulatory molecules on the surface of APCs.
Recent studies have suggested that such upregulation is depen-
dent on LPS engagement of TRIF and subsequent downstream
activation of IFN-f (37). Given that our studies demonstrate the
defective upregulation of costimulatory molecules by pulmonary
APCs in the absence of MyD88 in response to LPS, we sought to
determine, through an assessment of IFN-f induction, whether
the MyD88 dependence of pulmonary Th2 responses was a conse-
quence of defective engagement of the MyD88-independent path-
way by LPS in the lung. Thus, WT mice were exposed to PBS, LPS,
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IFN-B is not induced in response to LPS exposure in the lung. WT mice
were exposed to PBS, LPS, and CpG. Lung cells were harvested 18
hours after exposure and lysed, and RNA was extracted. Five micro-
grams of each RNA sample was analyzed by RNase protection assay
using a RiboQuant mCK-3b probe. Fold induction of (A) TNF-o. and (B)
IFN- is shown relative to PBS.

or CpG, and the expression of TNF-o. and IFN-f in the lung was
determined. Whereas exposure to both LPS and CpG led to the
induction of TNF-a (Figure 6A), LPS was unable to induce IFN-8
expression in the lung (Figure 6B). In contrast, induction of IFN-
was intact in response to the TLR9 ligand CpG. These studies sug-
gest defective engagement of the MyD88-independent pathway by
LPS in the pulmonary environment.

Mature BMDCs can reconstitute Th2 responses in MyD88-deficient
mice. Our data indicate that the failure to induce Th2 responses in
MyD88-deficient mice may be in part due to defective DC matu-
ration. In order to further examine the role of DC activation in
the induction of pulmonary Th2 responses, we examined whether
transfer of activated DCs would reconstitute Th2 responses in
MyD88-deficient mice. BMDCs generated from WT mice were
cultured with or without OVA/LPS in vitro and transferred intra-
nasally to WT or MyD88-deficient recipients. As seen in Figure
2B, these BMDCs express increased levels of MHC II and CD86
in response to OVA/LPS. Transfer of OVA/LPS-activated BMDCs
into WT mice induced a robust Th2 eosinophilic inflammatory
response (Figure 7). Furthermore, a comparable response was
induced when activated BMDCs were transferred into MyD88-
deficient mice. Transfer of WT BMDCs not exposed to OVA to
WT recipients did not induce Th2 inflammatory responses. These
data suggest that MyD88-deficient mice exposed to intranasal
antigen do possess the capacity to generate Th2 responses in the
presence of activated DCs.

Th1 responses induced by intranasal OVA with increased LPS dose
are also MyD88 dependent. Several studies have shown that Th1
responses induced by immunization with potent Thl-inducing
agents such as Toxoplasma gondii were completely MyD88 depen-
dent (15). In the absence of MyD88, these Thl-inducing agents
elicit Th2 responses instead. These data suggest that potent
immunogens can elicit specifically a Th2 response in the absence
of MyD88. We have previously observed that the differentiation
of Th2 versus Th1 responses is dependent on LPS dose, with
Th2 responses being induced with OVA at low doses of LPS and
Th1 responses being observed with OVA at high doses of LPS.
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Therefore, in order to determine whether default pulmonary Th2
responses could be induced with OVA at high doses of LPS in the
absence of MyD88, we examined the effect of increased LPS dos-
age on the induction of OVA-specific responses in MyD88-defi-
cient mice. Consistent with our previous studies, WT mice dem-
onstrated a characteristic Th1 response to OVA when high-dose
LPS was present during priming, with a lack of eosinophilic buta
robust neutrophilic inflammatory response (Figure 8). However,
the pulmonary inflammatory response induced by OVA at high
doses of LPS was significantly diminished in MyD88-deficient
mice. Thus, both Th1 and Th2 responses elicited by intranasal
antigen are dependent on MyD88.

Th2 responses to i.p. protein antigen are TLR4 and MyD88 indepen-
dent. Studies demonstrating default to Th2 responses in the
absence of MyD88 used different routes of sensitization, includ-
ing s.c. and i.p. antigen delivery (12-15). Thus, the requirement
for MyD88 may depend on the initial site of antigen exposure.
We have demonstrated in this study that Th2 responses are
intact when MyD88-deficient mice are sensitized i.p. with OVA
in alum. However, alum is considered to exert its effects indepen-
dently of TLR signaling. Moreover, we observed the generation
of Th2 responses to intranasal sensitization with OVA/LPS in
the absence of alum in WT mice. Thus, in order to further deter-
mine whether a differential site requirement for MyD88 exists, we
compared the pulmonary responses of WT and MyD88-deficient
mice sensitized to OVA/LPS either i.p. (in the absence of alum)
or intranasally. In contrast to MyD88-deficient mice sensitized
intranasally, MyD88-deficient mice sensitized i.p. with OVA/LPS
demonstrated no defect in their ability to induce Th2 responses
in the airways (Figure 9A). In addition, TLR4d mice responding
to i.p. sensitization demonstrated a Th2 response at levels similar
to those seen in WT mice (Figure 9B). Thus, the TLR4/MyD88
dependence of pulmonary Th2 responses to OVA appears to be
specific to the sensitization site.
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Figure 7

Mature BMDCs can reconstitute Th2 responses in MyD88-deficient
mice. BAL inflammatory cells of WT and MyD88-deficient mice given
OVA/LPS-pulsed BMDCs intranasally and challenged intranasal-
ly with OVA after 2 weeks. Total bar height represents total BAL
cell number at day 21. Error bars are based on total cell numbers.
Stacked bars represent cell differential counts. n = 4. W, unpulsed
WT BMDCs to WT recipient; WT OVA, OVA/LPS—pulsed WT BMDCs
to WT recipient; KO OVA, OVA/LPS—pulsed WT BMDCs to MyD88-
deficient recipient. P = 0.82, WT OVA vs. KO OVA. One representa-
tive experiment of 3 is shown.
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Figure 8

High-dose LPS response is MyD88 dependent. BAL inflammatory
cells of WT and MyD88-deficient mice sensitized with OVA/high-dose
LPS intranasally. Exposed mice were challenged 2 weeks later with
inhaled OVA. Total bar height represents total BAL cell number at
day 21 after challenge. Error bars are based on total cell numbers.
Stacked bars represent cell differential counts. *P < 0.05, OVA/high-
dose LPS—primed WT vs. MyD88-deficient mice. One representative
experiment of 3 is shown.

The activation status of an APC is known to be critical for the
induction of CD4" T cell responses. Thus, we considered that the
differential requirement of the pulmonary versus the peritoneal
site for TLR4 and MyD88 in the induction of Th2 responses to
OVA may result from a possibly differential baseline activation
status of APCs resident at these sites. Therefore, we compared
the maturational status of APCs at these 2 sites. Pulmonary and
peritoneal APCs were obtained without any prior in vivo manip-
ulation and examined for expression of MHC class II, CD86,
and CD40. Whereas WT pulmonary APCs demonstrated little
expression of any of these molecules (Figure 10A), both WT and
MyD88-deficient peritoneal APCs expressed relatively high levels
of all 3 molecules (Figure 10, B and C). Thus, peritoneal APCs
appear to possess the requisite surface molecules for CD4* T cell
activation prior to antigen exposure.

Discussion

Identification of the crucial role of the innate immune recogni-
tion apparatus in the initiation of adaptive Th1 immune respons-
es has in large part centered around studies involving MyD88-
deficient mice. Models incorporating potent Thl-inducing

antigens such as T. gondii and Leishmania major (in C57BL/6 mice)
have demonstrated a Th1-to-Th2 switch in the absence of MyD88
(14, 15). Protocols inducing a mixed Th1/Th2 response, such as
those involving CFA, demonstrate loss of Th1 responses and
maintenance of Th2 responses (12, 13). Moreover, Th2 responses
to the helminth-derived stimulus schistosome egg antigen are
also maintained in MyD88-deficient mice (15). The coupling of
these results to our initial findings of a TLR4-dependent Th2
response to inhaled antigen was strongly suggestive of a MyD88-
independent mechanism for induction of allergic Th2 responses
to LPS. However, our studies demonstrate a critical role for the
MyD88-dependent pathway in the LPS-induced sensitization of
Th2 responses to intranasal protein antigen and suggest both
APC-specific and site-specific utilization of the innate system in
the induction of adaptive Th2 immunity. Moreover, our studies
identify a critical role for the MyD88-dependent pathway in the
endotoxin sensitization of allergic responses.

APC maturation is essential for CD4* T cell activation. Control
of this maturation process is an integral component of main-
taining immune homeostasis. TLRs have been shown to play a
major role in this maturation program, a role that includes both
the upregulation of costimulatory molecules and the induction
of inflammatory cytokines and type I IFN. Previous studies on
BMDCs and peritoneal APCs have indicated that whereas MyD88
is required for induction of inflammatory cytokines such as TNF-q,
it does not appear to be required for upregulation of costimulatory
molecules on the surface of these APCs in response to LPS signal-
ing through TLR4. Upregulation of costimulatory molecules in
response to LPS has been suggested to be dependent instead on
the adaptor molecule TRIF, which mediates the MyD88-indepen-
dent pathway (37). Upregulation by TRIF in this regard has been
further postulated to be mediated by type IIFN production. At the
same time, signaling through several other TLRs has been demon-
strated to upregulate costimulatory molecules in a MyD88-depen-
dent manner (7, 21, 37). Our in vivo and in vitro studies suggest
that upregulation of costimulatory molecules on the surface of
pulmonary APCs via TLR4 is defective in the absence of MyD88,
in contrast to observations of MyD88-deficient BMDCs. Thus, the
defect in Th2 induction observed in our studies likely results from
defective activation of MyD88-deficient pulmonary APCs. This is
supported by the ability of mature BMDCs to reconstitute Th2
responses in MyD88-deficient mice. Moreover, the dependence
of pulmonary APC activation on MyD88 appears to result from
a defect in LPS engagement of the type I IFN-producing MyD88-
independent/TRIF-dependent pathway in the pulmonary environ-
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Pulmonary APCs demonstrate low maturational status compared
with peritoneal APCs. Unstimulated lung cells harvested from WT
mice (A) and unstimulated peritoneal cells (PCs) from WT mice (B)
and MyD88-deficient mice (C), analyzed by FACS. MHC class II,
CD86, and CD40 expression on live cells is shown compared with
isotype control (shaded).

ment (37). Our studies suggest that APCs, depending on their mode
of generation in vitro or resident location in vivo, have different
capacities to engage MyD88-dependent and MyD88-independent
pathways in response to specific TLR engagement, with significant
consequences for functional immune responses.

An important note thus should be made about the general-
izability of APC function in the study of adaptive immunity.
BMDCs have been used as a model for in vivo APC function with
significant utility. In addition, BMDC transfers have been used
as a model for pulmonary APCs in the study of allergic respons-
es. APCs do share certain common traits with BMDCs. However,
our findings in conjunction with others’ suggest that pulmo-
nary APCs differ in certain significant respects from BMDCs
and APCs at other sites. Specialized characteristics of pulmo-
nary APCs, possibly determined by a combination of intrinsic
developmental control and microenvironmental effects, should
be considered in the evaluation of pulmonary APC function in
both innate and adaptive immune responses.

Reconciliation of our findings with previous accounts of MyD88-
independent Th2 responses could derive from differences in the
nature or strength of the antigenic stimulus or from differences
in the site of antigen delivery. One recent study has demonstrated
the induction of Th2 responses to flagellin, a TLRS ligand that
signals exclusively through MyD88 (38). Flagellin and LPS thus
may be among a subset of pathogen-associated molecular patterns
uniquely capable of inducing Th2 responses. However, since LPS
has been demonstrated in other studies to induce Th2 responses
in the absence of MyD88, the type of antigen used in our studies is
unlikely to account for our findings (12). Moreover, we have found
that increased LPS dose does not induce a Th2 default response in
our system; this indicates that the strength of signal is unlikely to
be playing a role. Site specificity is a more likely proposition. Previ-
ous studies of Th2 default in the absence of MyD88 involved extra-
pulmonary administration of antigen. However, our sensitization
protocol involved direct intranasal administration of antigen. In
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support of the essential role of site specificity, we have found that
epicutaneous Th2 sensitization to OVA also appears to be sig-
nificantly impaired in the absence of MyD88 (C.A. Herrick et al.,
unpublished data). In contrast, induction of Th2 responses to i.p.
administration of protein antigen is both TLR4 and MyD88 inde-
pendent, consistent with prior studies of antigen sensitization at
this site. Interestingly, the MyD88 independence of peritoneal Th2
sensitization occurs even in the absence of alum administration.
One canonical mouse model of asthma is based on i.p. sensitiza-
tion with OVA/alum (26). The difference in site requirements for
induction of Th2 responses that was observed in our studies does
suggest some limitation in the use of this i.p. model for allergic
disease and demonstrates the importance of using more natural
sites of sensitization in elucidating mechanisms for the induction
of pulmonary Th2-mediated allergic responses.

Uncontrolled or dysregulated immune responses can be as
harmful to a host as deficient responses. Generation of an
appropriate immune response to the right antigen is thus a cru-
cial component of effective immunity. Mucosal sites such as the
lung are at particular risk for inappropriate T cell activation,
given their continual exposure to an onslaught of environmen-
tal antigens. Given the increased potential for overstimulation
at these sites, tighter control of responses to antigenic stimuli
is likely required, in comparison with that at sites that are less
accessible to environmental antigens. Several layers of control
likely exist to maintain homeostasis at these sites, including the
maintenance of APCs in an immature state, as well as active sup-
pressive mechanisms characteristic of specialized mucosal micro-
environments, such as regulatory T cells and antiinflammatory
cytokines. Both of these mechanisms for maintenance of periph-
eral tolerance can be modulated by the innate immune system in
general and MyD88 in particular (39, 40). The innate immune
system likely developed primarily to protect the host upon expo-
sure to infectious non-self. The central role of the TLR adaptor
molecule MyD88 in pulmonary Th2 immunity suggests that
aberrant Th2-mediated allergic responses likely follow from the
commandeering of the innate immune system to disrupt natural
mechanisms of homeostasis at these sites. Thus, targeting innate
mechanisms for control of adaptive Th2 immunity may have a
significant impact on the alleviation of Th2-mediated pathologi-
cal states such as asthma and allergy.

Methods
Animals. MyD88-/- mice were generated as previously described (41) and
kindly provided on BALB/c and B6/129 backgrounds by R. Medzhitov (Yale
University School of Medicine). MyD88/~ mice on the BALB/c background
were backcrossed at least 6 times before use. BALB/c and B6/129PF2 mice
purchased from The Jackson Laboratory were used as controls for KO mice
on BALB/c and B6/129 backgrounds, respectively. TLR4d mice were also
purchased from The Jackson Laboratory. Mice were used at 6-10 weeks of
age. All animal studies were performed in accordance with the guidelines of
the Yale University Institutional Animal Care and Use Committee.
Sensitization protocols. For intranasal sensitization, mice were lightly
anesthetized with methoxyflurane and subjected to intranasal delivery
of 100 ug OVA protein (Grade V; Sigma-Aldrich) in 50 ul PBS on days 0,
1, and 2 as previously described (25). Two micrograms of recombinant
TNF-o. (R&D Systems Inc.) was coadministered on day 1 (Figure 2B). For
i.p. sensitization, mice were injected with 100 ug OVA in 2 mg aluminum
hydroxide (Pierce Chemical Co.) as previously described (17) or with 100 ug
OVA in 200 ul PBS on days 0, 1, and 2 in the absence of alum. For low-
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dose LPS treatment, 0.008-0.12 ug E. coli LPS O55:BS (Sigma-Aldrich)
was used on each day of sensitization. For high-dose LPS treatment,
10-40 ug LPS was used.

Challenge protocol. For all sensitization protocols, mice were lightly
anesthetized with methoxyflurane and challenged intranasally with 25 ug
OVA in 50 wl PBS on days 14, 15, 18, and 19, and sacrificed on day 21.

BAL analysis. BAL fluid was obtained by tracheal infusion of 3 ml PBS as
previously described (42). BAL cells were treated with rbc lysis medium (1.6 g
NH.,CI, 0.2 g KHCO3, and 0.03 g EDTA) for 5 minutes. Cells were then
washed, counted, and spun onto slides. Slides were stained with H&E (Diff-
Quik; Dade Behring Inc.), and differential cell counts were obtained based
on morphology and staining characteristics.

Serum antibody detection. Serum was obtained by cardiac puncture on day
21 for measurement of OVA-specific IgE, IgG1, and IgG2a antibodies by
ELISA as previously described (25, 43). IgE standard was a kind gift of E. Gel-
fand (National Jewish Center for Immunology and Respiratory Medicine,
Denver, Colorado, USA). Levels of detection were 5 ng/ml (IgE), 125 ng/ml
(IgG1),and 81 U/ml (IgG2a).

Lymph node cytokine production. Mediastinal lymph node cells were iso-
lated on day 21 after challenge and stimulated in vitro with 200 ug/ml
OVA and syngeneic T cell-depleted splenocytes. Cytokines in culture
supernatants were measured using commercially available ELISA kits
(R&D Systems Inc.). Levels of detection were 25 pg/ml (IL-4), 125 pg/ml
(IL-5), and 31.2 pg/ml (IL-13).

Lung cell preparation. Mice were subjected to intranasal administration of
100 ug OVA with LPS on day 0 and sacrificed on day 2. Lungs were perfused
with 20 ml PBS through the right ventricle. Whole lungs were recovered. For
physical disruption, we used either a metal sieve or glass slides. Cell strain-
ers were used to remove debris. Cell strainers (BD Falcon; BD Biosciences
— Discovery Labware) were 100 wm in diameter. Cell suspensions were sub-
jected to centrifugation over a Ficoll gradient. For digestion experiments,
lung pieces were incubated with 150 U/ml collagenase (CLS-1; Worthington
Biochemical Corp.) and 20 ug/ml type IV DNase I (Sigma-Aldrich) at 37°C
for 20 minutes prior to disruption through a metal sieve. For in vitro experi-
ments, lung cells were harvested from unstimulated mice and exposed to
varying concentrations of LPS overnight (12-24 hours). Lung cells were
then subjected to FACS analysis (BD Biosciences).

BMDC preparation and sensitization. BMDCs were cultured as previously
described (44). Briefly, bone marrow cells were isolated by perfusion of the
femur and tibia. Cells were cultured in RPMI 1640 (Invitrogen Corp.) in
the presence of 1% culture supernatant from a cell line transfected with the
murine GM-CSF gene. The culture medium was supplemented with FCS,
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penicillin, streptomycin, and L-glutamine. After 6 days, cells were harvested
and pulsed with 100 ug/ml OVA containing 1 ng/ml LPS or with vary-
ing concentrations of LPS overnight. Mice were lightly anesthetized with
methoxyflurane, and then 1 x 10¢ OVA-pulsed BMDCs in 50 ul PBS were
administered intranasally. BMDCs were subjected to FACS analysis.

Peritoneal cell preparation. Peritoneal cells were obtained without thiogly-
collate induction. The peritoneal cavity was infused with 5-10 ml PBS. The
fluid-filled cavity was gently shaken, and fluid was withdrawn. Cells were
washed and subjected to FACS analysis.

FACS analysis. BMDCs, lung cells, and peritoneal cells were resuspend-
ed in PBS/5% FCS containing 0.01% sodium azide. Cells were incubated
with anti-FcR in combination with mouse Ig for 20 minutes on ice.
Cells were then stained with antibodies against CD11c, CD86, CD40,
MHC class II, B220, Gr1, y9, NK, CD4, CD8, and isotype control (BD
Biosciences — Pharmingen) for 30 minutes on ice. Cells were analyzed by
FACScan in association with CellQuest software (BD Biosciences).

RNase protection assay. Lung cells were harvested from mice 18 hours after
exposure to PBS, 0.12 ug LPS, and 10 ug CpG DNA oligonucleotides. Lung
cells were then lysed in TRIzol reagent (GIBCO BRL; Invitrogen Corp.).
Cytokine RNA levels were analyzed by RNase protection assay using the
RiboQuant mCK-3b template (BD Biosciences — Pharmingen) according
to the manufacturer’s protocol. Five micrograms of total RNA was used in
each reaction. Transcript levels for the L32 housekeeping gene were used
as a control for equal loading.

Statistical significance. Statistical significance was determined using Stu-
dent’s ¢ test.
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