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Introduction
Allergic asthma is a chronic inflammatory disease of the airways 
characterized by reversible airway obstruction, airway hyperres-
ponsiveness (AHR), and inflammation (1). This disease has been 
traditionally associated with the type 2 cytokines IL-4, IL-5, and 
IL-13, which promote immunoglobulin class switching to IgE, 
eosinophilia, and AHR, respectively (2, 3). However, approximate-
ly half of patients with asthma have a noneosinophilic form of this 
disease, many with predominantly neutrophilic inflammation of 
the airway (4, 5). Unfortunately, these patients respond very poor-
ly to inhaled corticosteroids, the gold standard asthma therapy (6), 
and there is a need for novel therapeutic approaches. It is likely 
that in these individuals, steroid-resistant IL-17–producing Th17 
cells (7) drive asthma by promoting recruitment of neutrophils to 
the airway (8–12). Still other patients display both neutrophilic and 
eosinophilic inflammation, and this form of asthma is associated 
with particularly low lung function and high health care costs (13). 
An improved mechanistic understanding of the induction and reg-
ulation of Th2 and Th17 cells should lead to novel therapies that 
selectively target different types of asthma without compromising 
other protective immune responses.

Allergens are derived from living organisms, including plants, 
insects, fungi, and mammals. The wide variety of physical and 
biochemical properties displayed by different allergens suggests 

that they can activate multiple innate immune response pathways 
(14). In this regard, allergens are similar to adjuvants, which also 
activate innate immunity and for this reason are commonly used 
in vaccines to strengthen immune responses to a coadministered 
antigen. Indeed, some allergens can also promote responses to 
innocuous bystander proteins, such as ovalbumin (OVA) (15). Fur-
thermore, preparations of allergens can also contain associated 
molecules with adjuvant activity. For example, house dust mite 
allergens contain LPS that contributes to their allergenicity (16), 
and the presence of endotoxin in homes is a risk factor for asthma 
(17). Other well-studied allergens include those that display pro-
tease activity. Some examples of protease allergens include the 
house dust mite allergens Der p1 and Der p9, allergens from the 
mold Aspergillus, and papain (PAP), a cysteine protease found in 
papaya. Proteases are not directly recognized by TLRs, but PAP 
(18) and a protease-containing extract from Aspergillus oryzae 
(ASP) (19) can also promote allergic responses to inhaled OVA. 
The extent to which mechanistic overlap exists between TLR 
ligand– and protease-induced Th2- and Th17-mediated inflamma-
tion of the airway is poorly understood, but this knowledge is crit-
ical to developing therapies targeting allergen-specific pathways.

It has long been known that TNF mRNA is increased in patients 
with asthma (20), suggesting a role for TNF in the pathogenesis of 
this disease. Data from clinical trials suggest that although antag-
onizing TNF is not helpful to all patients, it is beneficial to a sub-
group of asthmatics, including those who have severe disease (21, 
22). It will be important to identify individuals whose known envi-
ronmental exposures and genetic predisposition are predictive 
of a positive response to TNF pathway blockade. Furthermore, 
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sequent challenge with OVA, develop inflammation of the airway 
(12, 24). To better understand adjuvant-mediated allergic sensiti-
zation, we studied the abilities of 2 TLR ligands, LPS and flagellin 
(FLA), and 2 proteases, ASP and PAP, to promote allergic sensiti-
zation to OVA. We also tested the adjuvant activity of a house dust 
extract (HDE). HDEs are complex and contain multiple allergens 
and adjuvants, but they were included in the current study because 
they are arguably more representative of ambient exposures than 
are purified allergens or adjuvants (25). As expected, inhalation of 
OVA alone failed to induce sensitization in mice, since subsequent 
exposure of these animals to aerosolized OVA did not trigger air-
way inflammation (Figure 1A). However, mice that inhaled OVA 
together with any of the adjuvants tested became sensitized, as 
inferred from the airway inflammation that developed upon sub-
sequent OVA challenge. The number (Figure 1A) and percentages 
(Figure 1B) of the various leukocyte types following OVA chal-
lenge depended on which adjuvant had been used to sensitize the 
animals. Mice sensitized to OVA using either of the TLR ligands, 
LPS or FLA, developed both eosinophilic and neutrophilic inflam-
mation, whereas mice sensitized using either of the proteases dis-
played strong eosinophilic responses with comparatively few neu-
trophils. Animals sensitized with OVA using HDE as an adjuvant 
resembled mice sensitized using LPS/OVA or FLA/OVA in that 
they had relatively high numbers of airway neutrophils. Cytokines 

blockade of TNF itself is associated with increased infections (23), 
and an improved understanding of how other molecules in the 
TNF pathway contribute to asthma is necessary for design of novel 
therapies that ameliorate asthma exacerbations without this com-
plication. Here, we compared molecular mechanisms by which 2 
different classes of adjuvants, TLR ligands and proteases, promote 
allergic responses to bystander proteins. We found that TNF sig-
naling through airway epithelial cells (AECs) induced a suite of 
genes in those cells and was required for TLR ligand–mediated 
development of antigen-specific Th2 cells, but not antigen-specific  
Th17 cells. TNF was also required during the challenge phase for 
eosinophil and neutrophil recruitment to the airway. By contrast, 
this cytokine was dispensable for protease-mediated Th2 cell 
development and allergic airway inflammation. These findings 
might help to explain why TNF blockade ameliorates lung func-
tion in only some patients, as well as reveal novel molecules in this 
pathway that might be targeted by therapeutic intervention.

Results
TLR ligands and proteases promote distinct forms of allergic respons-
es to innocuous inhaled proteins. Highly purified OVA is not aller-
genic in mice when instilled directly into their airways. However, 
when mice inhale OVA together with certain adjuvants, the ani-
mals develop OVA-specific allergic responses and, following sub-

Figure 1. TLR ligands and proteases function as adjuvants to promote distinct forms of allergic inflammation. Mice were sensitized to OVA using the 
indicated adjuvants and subsequently challenged with aerosolized OVA. Cell numbers (A) and percentages (B) for the indicated leukocyte subsets, and 
cytokine levels in BALF after challenge (C). Data shown represent mean ± SEM (n = 6–9 mice per group) from a single experiment, representative of 2.  
*P < 0.05, **P < 0.01, ***P < 0.001; “OVA only” group vs. other groups; Kruskal-Wallis 1-way ANOVA with Dunn’s multiple comparison test. Adjuvants: L, 
LPS; F, flagellin; A, Aspergillus protease; P, papain protease; H, house dust extract.
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in the bronchoalveolar lavage fluid (BALF) of animals were 
generally consistent with the type of inflammation they dis-
played, with the PAP/OVA mice having the highest amounts 
of eosinophils (Figure 1A) and type 2 cytokines, IL-4, IL-5, and 
IL-13 (Figure 1C). IL-17 levels in the BALF generally correlat-
ed with the extent of neutrophilic inflammation, although 
mice sensitized using PAP/OVA had relatively high amounts 
of IL-17 but little neutrophilic inflammation. Together, these 
data show that when inhaled into the airway, TLR ligands elic-
it immune responses leading to both eosinophilic and neu-
trophilic inflammation, whereas proteases promote immune 
responses that primarily drive eosinophilia.

TLR ligands and proteases induce distinct innate immune 
cytokines during allergic sensitization. Identifying the mecha-
nisms by which adjuvants promote allergic responses to innoc-
uous proteins is critical to prevent this from occurring. Some 
adjuvants, including proteases, can disrupt the epithelial cell 
barrier (26), and it has been proposed that this can increase 
exposure of conventional DCs (cDCs) on the abluminal side 
of the airway to inhaled allergens, thereby strengthening the 
immune response to them (27, 28). However, the number of 
lung CD103+ cDCs and CD11bhi cDCs taking up Alexa Fluor 
647–labeled OVA was similar in the presence or absence of 
these adjuvants (Figure 2A, and Supplemental Figure 1; sup-
plemental material available online with this article; https://
doi.org/10.1172/JCI90890DS1), excluding increased num-
bers of antigen-acquiring DCs as a major mechanism by 
which LPS or ASP promotes type 2 responses in this model. As 
expected, the adjuvant activity of LPS was dependent on its 
receptor TLR4 (data not shown), whereas the adjuvant activity 
of ASP was not (Supplemental Figure 2), ruling out contami-
nating LPS as being important for the adjuvant activity of this 
protease. TLR2 and TLR5 were also found to be dispensable 
for ASP-mediated allergic sensitization, and the adjuvant 
activity of ASP was heat sensitive, consistent with its protease 
activity being critical for its adjuvant activity (data not shown).

To compare pathways used by the different classes of 
adjuvants, we instilled OVA together with TLR ligands, pro-

Figure 2. Innate cytokines in the airways of mice following inhala-
tion of a TLR ligand, a protease, or an HDE. (A) Numbers of CD11bhi 
DCs, CD103+ DCs, and alveolar macrophages (Alv macs) that acquired 
Alexa Fluor 647 (AF647)–OVA following its instillation alone or with 
the indicated adjuvants. Values represent mean ± SEM (n = 3 mice 
per group) from a single experiment. NS, not significant (P > 0.05) 
between indicated groups; Kruskal-Wallis 1-way ANOVA with Dunn’s 
multiple comparison test. (B) Mean cytokine levels ± SEM in BALF at 
1 or 4 hours after treatment with OVA alone (–), or with OVA together 
with the indicated adjuvants (n = 6 mice per group). *P < 0.05,  
**P < 0.01; OVA alone vs. other groups; 2-way ANOVA with Dunnett’s 
multiple comparison test. (C) Relative amounts of cytokine-specific 
mRNA ± SEM in whole lung from untreated (U) mice and from mice 
at indicated times following sensitization to LPS/OVA or ASP/OVA. 
Values shown in arbitrary units (AU) after normalization to Gapdh 
mRNA (n = 8–12 mice per group). *P < 0.05, **P < 0.01, ***P < 0.001; 
untreated vs. sensitized; 1-way ANOVA with Dunnett’s multiple com-
parison test. Data shown are from 1 of 2 experiments yielding similar 
results, except C, in which the data from 2 experiments were pooled.
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mation. By contrast, TNFR2 is on a smaller number of cell types, 
including immune cells. It signals primarily in response to mem-
brane-bound TNF, and is associated with cell survival (recently 
reviewed in ref. 32). To determine which of these 2 receptors has 
a larger role in the TLR-mediated model of asthma, we sensitized 
TNFR1- and TNFR2-single-KO mice with LPS/OVA and chal-
lenged them with aerosolized OVA. We observed that TNFR1- 
single-KO mice displayed markedly fewer neutrophils, lym-
phocytes, and eosinophils than did WT mice (Figure 3F). Lung 
explants of challenged TNFR1-KO mice also produced significant-
ly lower amounts of IL-4, IL-5, and IL-17 than did their WT coun-
terparts (Supplemental Figure 3C). In contrast to these diminished 
responses of TNFR1-KO mice, TNFR2-single-KO mice and WT 
mice had similar numbers of neutrophils and lymphocytes in their 
airways, and TNFR2-single-KO mice had even more eosinophils 
than did WT mice (Figure 3F). There were no significant differ-
ences between the latter 2 strains in amounts of cytokines in lung 
explants (Supplemental Figure 3C). These data show that TNF sig-
naling through TNFR1 is critical for allergic airway inflammation 
when a TLR ligand is used as the adjuvant during allergic sensiti-
zation, whereas TNFR2 is dispensable.

LPS can be found in common house dust, and HDEs can pro-
mote allergic sensitization to innocuous proteins, such as OVA (25). 
To investigate whether TNF signaling is also required in this more 
environmentally relevant model of asthma, we sensitized WT 
and TNFR1/2-DKO mice to OVA using HDE as an adjuvant. Fol-
lowing subsequent challenge with OVA, TNFR1/2-DKO mice had 
significantly fewer neutrophils, lymphocytes, and eosinophils in 
their airways than did WT mice (Figure 3G). A similar reduction in 
airway inflammation was observed when Tnf-deficient mice were 
compared with WT animals in the HDE model of asthma (Supple-
mental Figure 3D). Thus, TNF is required for allergic inflammation 
of the airway in multiple models of allergic asthma, including one 
that mimics ambient exposure of humans to house dust.

In contrast to the requirement for TNF signaling in the LPS/
OVA and HDE/OVA models of asthma, we found that this cytokine 
was dispensable for allergic airway disease when ASP was used as 
an adjuvant. TNFR1/2-DKO mice developed robust eosinophilic 
and neutrophilic inflammation in this model (Figure 3A), and type 
2 cytokines were as high, or higher, in BALF of TNFR1/2-DKO 
mice than in BALF from WT mice (Figure 3B). Although CXCL1 
and CXCL5 were reduced in TNFR1/2-DKO mice compared with 
WT mice, the 2 strains had similar amounts of the eosinophil- 
attracting chemokine CCL11 (Figure 3C). WT and TNFR1/2-DKO 
mice also had similar numbers of mucus-staining cells in the ASP/
OVA model of asthma (Figure 3D), and there were no significant 
differences between these 2 strains in AHR (Figure 3E). Collective-
ly, these data show that TLR ligands and proteases can both act as 
adjuvants to promote allergic sensitization, but do so by activating 
distinct signaling pathways, with TNF signaling being required for 
multiple features of asthma in the TLR ligand–mediated model, 
but dispensable when a protease is used as the adjuvant.

Requirement of TNF signaling for Th2, but not Th17, develop-
ment in mediastinal lymph nodes during TLR ligand–mediated 
allergic sensitization. Our experiments thus far indicated that 
TNF signaling is required in a TLR ligand–mediated model of 
asthma, but did not reveal whether this cytokine is critical during 

teases, or HDE into the airways, and measured cytokines associat-
ed with innate immunity. The TLR ligands, LPS and FLA, rapidly 
induced accumulation in the BALF of TNF, IL-1α, IL-1β, and gran-
ulocyte-macrophage CSF (GM-CSF) (Figure 2B). HDE, which con-
tains both LPS and protease activity, also induced those cytokines, 
whereas neither of the proteases tested, ASP or PAP, did so. Sim-
ilar results were observed for mRNAs encoding these cytokines 
following LPS/OVA and ASP/OVA sensitization (Figure 2C). IL-33, 
IL-25, and thymic stromal lymphopoietin (TSLP) have all been 
proposed to function during allergic sensitization (reviewed in ref. 
29), but none of the adjuvants tested caused measurable amounts 
of those cytokines to be released into the airway. Il33 mRNA was 
modestly increased by treatment with LPS or ASP, whereas lev-
els of Tslp mRNA were extremely low, in agreement with a previ-
ous report (30). These data show that TLR ligands and proteases 
induce the secretion of distinct innate immune cytokines into the 
airway during allergic sensitization.

Requirement of TNF signaling for TLR ligand– but not protease- 
mediated airway inflammation, mucus production, and AHR. TNF 
is initially produced as a membrane-bound protein that can be 
cleaved by TNF-α–converting enzyme (TACE) to yield soluble 
TNF (31). In mice, soluble TNF is sufficient to promote allergic 
sensitization to OVA when the 2 proteins are coadministered to 
the airways, and upon OVA challenge these mice develop aller-
gic airway disease (24). However, it is not known whether TNF 
is required for allergic airway disease in mice, and whether that 
depends on which model is used. To investigate this, we initially 
studied animals lacking both TNF receptors, TNFR1 and TNFR2 
(TNFR1/2-DKO mice), and therefore unable to respond to solu-
ble or membrane-bound TNF. Following LPS/OVA sensitization 
and OVA challenge, TNFR1/2-DKO mice had fewer total cells, 
including neutrophils, lymphocytes, and eosinophils, than did 
WT mice (Figure 3A), showing that TNF signaling is indeed 
required for the recruitment of multiple inflammatory cell types 
to the airway in this model. Analysis of cytokines in the BALF 
revealed that the type 2 cytokines IL-4, IL-5, and IL-13, as well as 
IL-17, were all decreased in TNFR1/2-DKO mice, compared with 
WT mice, whereas IFN-γ was similar in the 2 strains (Figure 3B). 
Similar results were obtained using Tnf-deficient mice (Supple-
mental Figure 3, A and B). The neutrophil-attracting chemokines 
CXCL1 and CXCL5, as well as the eosinophil-attracting chemo-
kine CCL11 (eotaxin), were also decreased in TNFR1/2-DKO mice 
compared with WT mice in this model (Figure 3C), consistent with 
the reduced numbers of these cells. Examination of stained lung 
sections by a pathologist blinded to their identities revealed that, 
compared with WT mice, airways of TNFR1/2-DKO had signifi-
cantly less inflammation and fewer mucus-producing cells (Figure 
3D and Supplemental Figure 4). We also observed that whereas 
WT mice developed AHR, similarly treated TNFR1/2-DKO mice 
did not (Figure 3E). Together, these data show that in the LPS/
OVA model of asthma, TNF is required for multiple features of 
allergic airway disease, including inflammation, mucus produc-
tion, and impaired lung function.

The 2 TNF receptors, TNFR1 and TNFR2, are differential-
ly expressed and are associated with distinct activities. TNFR1 
is found on most cells, can respond to either soluble or mem-
brane-bound TNF, and can promote either cell death or inflam-
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Figure 3. TNF is required in a TLR ligand–mediated model of asthma. (A–E and G) WT and TNFR1/2-DKO mice were sensitized to OVA using the indicated 
adjuvants, and subsequently challenged with aerosolized OVA. Shown are cell numbers (A) and cytokine (B) and chemokine (C) concentrations in BALF, 
mucin-producing cells in airways (×100 magnification; scale bars: 500 μm) (D), and airway resistance (R) after allergen challenge (E). Resistance values 
were obtained at baseline (B) and after administration of the indicated doses of methacholine (MCH). (F) Cell numbers for the indicated leukocytes 
in BALF of WT and TNFR1- and TNFR2-single-KO mice following LPS/OVA sensitization and subsequent challenge with OVA. (G) Cell numbers for the 
indicated leukocytes in BALF after challenge. *P < 0.05, **P < 0.01, ***P < 0.001; WT vs. KO mice treated with the same adjuvant; Kruskal-Wallis 1-way 
ANOVA with Dunn’s multiple comparison test. Values shown represent mean ± SEM (n = 6–12 mice per group) from 1 of 2 experiments yielding similar 
results, except F and G, which show combined data of 2 experiments yielding similar results (n = 12 mice per group).
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allergic sensitization, or during the challenge phase of the mod-
el, or both. To specifically investigate the role of TNF during 
the early, sensitization phase of this model, we first performed 
a dose-response experiment in which mice were sensitized to 
OVA using different amounts of recombinant mouse (rm)TNF 
as an adjuvant, and subsequently challenged with OVA. These 
animals developed eosinophilic inflammation of the airway, 
although lymphocytes and a smaller number of neutrophils were 
also seen (Supplemental Figure 5). The dose of the rmTNF used 
to sensitize the mice affected the degree of allergic inflamma-
tion following challenge, with the greatest numbers of eosin-
ophils in the airways of mice that had been sensitized to OVA 
using 0.67 μg rmTNF. This dose was therefore used in subse-
quent experiments. To indirectly investigate the effect of TNF 
on allergen-specific T cell responses, we adoptively transferred 
naive CD4+ T cells from OT-II mice bearing an OVA-specific T 
cell receptor (hereafter referred to as OT-II cells) into naive WT 
mice, sensitized them to OVA using rmTNF as the adjuvant, and 
cultured cells from excised lung-draining mediastinal lymph 
nodes (mLNs) in the presence of OVA. Tlr4–/– mice were also 
included in this experiment to assess the contribution to immune 

responses of any contaminating endotoxin in the TNF prepara-
tion. The type 2 cytokines IL-4, IL-5, and IL-13 were produced in 
mLNs of both WT and Tlr4–/– mice (Figure 4A). Some IL-17 was 
also present in these cell cultures, but its production was strongly 
reduced in Tlr4–/– mice, suggesting that small amounts of LPS in 
the rmTNF preparation, not the cytokine itself, were primarily 
responsible for induction of IL-17. Together, these data suggest 
that inhaled TNF can promote the development of allergen- 
specific Th2 cells, but not Th17 cells.

To determine whether TNF signaling is necessary during the 
sensitization phases of TLR ligand– or protease-mediated models 
of asthma, OT-II cells were transferred into WT and TNFR1/2-
DKO mice before their sensitization to OVA using either LPS or 
ASP as the adjuvant. Lung-draining mLNs were excised and cells 
from them cultured in the presence of OVA. When LPS was used 
as the adjuvant, mLNs of TNFR1/2-DKO mice produced signifi-
cantly smaller amounts of IL-4, IL-5, and IL-13, but more IFN-γ, 
than did mLNs of WT mice, whereas IL-17 was produced at sim-
ilar levels in these 2 strains (Figure 4B). Virtually identical find-
ings were observed in experiments with mice lacking the cytokine 
TNF (Supplemental Figure 6). However, when ASP was used as 

Figure 4. TNF signaling through TNFR1 promotes type 2, but not type 17, cell differentiation. (A–C) Mice receiving adoptive transfer of OVA-specific CD4+ 
T cells were sensitized to inhaled OVA using the indicated adjuvants. Lung-draining LNs were excised 4 days later, cells from them were restimulated 
ex vivo with OVA, and the indicated cytokines in the culture supernatants were measured. Shown are cytokines from LN cultures of WT and Tlr4–/– mice 
sensitized to OVA using rmTNF as an adjuvant (n = 5 mice per group) (A), WT and TNFR1/2-DKO mice sensitized to OVA using either LPS or ASP as an 
adjuvant (n = 6 mice per group) (B), and WT and TNFR1- and TNFR2-single-KO mice sensitized to OVA using LPS as an adjuvant (n = 12 mice per group) 
(C). Data represent mean ± SEM from a single experiment, representative of 2, except C, which shows the combined data of 2 experiments yielding similar 
results. *P < 0.05, **P < 0.01, ***P < 0.001 for indicated comparisons (A) or WT vs. KO mice that were similarly treated (B and C); Kruskal-Wallis 1-way 
ANOVA with Dunn’s multiple comparison test.
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the adjuvant, mLNs of TNFR1/2-DKO mice produced even high-
er amounts of IL-4, IL-5, and IL-13 than did cells from WT mice 
(Figure 4B), consistent with our observation that large amounts of 
IL-13 are present in the BALF of TNFR1/2-DKO mice in the ASP/
OVA model of asthma (Figure 3B), and confirming that TNF is 
dispensable for protease-mediated allergic sensitization. To fur-
ther define the role of TNF in TLR ligand–mediated sensitization, 
we analyzed cytokines in mLNs of single-TNFR-KO mice follow-
ing LPS/OVA inhalation. Compared with WT mice, TNFR1 had 
reduced amounts of type 2 cytokines in mLNs, whereas TNFR2 
mice had as high or higher (IL-13) amounts of these cytokines 
(Figure 4C). No differences between these genotypes were seen 

for IL-17. Taken together, these data suggest that during LPS/OVA 
sensitization, TNF signaling through TNFR1 promotes Th2 devel-
opment in regional LNs, but has little effect on Th17 development.

Interstitial and alveolar macrophages are major sources of TNF 
in vivo. A time-course analysis of BALF collected from mice sen-
sitized with LPS/OVA revealed that TNF is released into the air-
ways as early as 30 minutes and reaches its highest concentration 
between 1 and 4 hours after sensitization (Supplemental Figure 
7A). Although neutrophils and lymphocytes can produce TNF in 
some settings, both cell types arrived after peak production of 
TNF (Supplemental Figure 7B), suggesting that neither are the pri-
mary cellular source of TNF. In support of this, TNF production 

Figure 5. TNF from CD11c+ macro-
phages acts on radioresistant AECs to 
reprogram them and promote allergic 
sensitization. (A and B) TNF in BALF 
after instillation of LPS/OVA into WT 
and Myd88–/– mice (A) or Myd88fl/fl mice 
crossed to Sftpc-cre mice or Cd11c-cre  
mice to delete Myd88 in AECs or Cd11c- 
expressing cells, respectively (B) (n = 8  
mice per group). (C) TNF in medium 
alone (Med), or culture supernatants of 
alveolar (Alv) macrophages, interstitial 
(Int) macrophages, monocytes (Mon), 
and cDCs purified by FACS from lungs of 
LPS/OVA-treated mice (n = 6 mice per 
group). (D) Cell numbers for the indi-
cated leukocytes in airways of WT and 
TNFR1/2-DKO (KO) reciprocal bone mar-
row chimeric mice sensitized with OVA 
with or without LPS and subsequently 
challenged with aerosolized OVA (n = 6 
mice per group). (A–D) Data represent 
mean values ± SEM and were confirmed 
by at least 1 repeat experiment. *P < 
0.05, **P < 0.01, ***P < 0.001; Kruskal- 
Wallis 1-way ANOVA with Dunn’s 
multiple comparison test. (E) Heatmap 
showing genes whose induction in AECs 
by inhaled LPS was more than 1.5-fold 
different in WT and TNFR1/2-DKO mice, 
P < 0.01 (see Methods for details on 
statistical analysis).
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200 genes whose expression in AECs was high enough to be reli-
ably measured, 23 displayed at least a 1.5-fold difference in expres-
sion between WT and TNFR1/2-DKO mice, with a P value less than 
or equal to 0.01 (Figure 5E). As expected, Tnf was not among these 
genes, in agreement with our finding that macrophages, not AECs, 
are the major source of this cytokine. Several genes with plausible 
roles in TNF-dependent allergic airway disease were differentially 
expressed in WT and TNFR1/2-DKO AECs. The most differen-
tially expressed gene between these genotypes was Plaur, which 
was 6-fold higher in WT AECs than in TNFR1/2-DKO AECs. Plaur 
encodes the urokinase plasminogen activator receptor (uPAR), 
and SNPs in this gene have been associated with asthma and lung 
function (34). Other genes whose expression was also decreased in 
AECs of TNFR1/2-DKO mice included Il1b, Ccl20, Csf2, s100a9, 
and Il4ra. Il1 and Csf2 (which encodes GM-CSF) have been previ-
ously associated with allergic pulmonary inflammation (reviewed 
in ref. 35), and CCL20 is a Th17 cell–attracting chemokine (36). 
IL-4RA is a receptor required for both IL-4 and IL-13 signaling, and 
S100A9 is an alarmin protein (37). Interestingly, Tgfb1 and Tgfb3 
were regulated in a reciprocal manner, with Tgfb1 expression being 
increased and Tgfb3 decreased in AECs of WT mice following LPS/
OVA treatment. Neither of these changes was observed in AECs of 
TNFR1/2-DKO mice, indicating that TNF signaling controls the 
reciprocal expression of both Tgfb1 and Tgfb3.

TNF produced during allergen challenge promotes airway inflam-
mation. Our studies thus far had shown that TNF is required for 
type 2 cytokine production in regional LNs (Figure 4B and Sup-
plemental Figure 6) and for both eosinophilic and neutrophilic 
inflammation in the TLR ligand–mediated mouse model of asth-
ma (Figure 3A and Supplemental Figure 3A). However, this cyto-
kine was dispensable for IL-17 production in regional LNs follow-
ing allergic sensitization (Figure 4B and Supplemental Figure 6). 
Together, these data suggest that TNF likely acts after sensitiza-
tion to promote neutrophilic inflammation of the airway. Analysis 
of BALF following OVA challenge revealed that TNF was present 
in the airways of mice that had been previously sensitized to OVA 
with TLR ligands or HDE, but not in BALF of mice that were sensi-
tized to OVA without an adjuvant (Figure 6A). To specifically test 
the requirement for endogenous TNF during the challenge phase 
of an asthma model, we bypassed the requirement for endogenous 
TNF during sensitization by instilling exogenous rmTNF and OVA 
into the lungs of WT and Tnf–/– mice to sensitize them. Analysis of 
mLNs confirmed that rmTNF is sufficient to promote OVA-specif-
ic Th2 and Th17 responses in both strains (Supplemental Figure 
8). Upon OVA challenge, however, there were striking differences 
between WT and Tnf–/– animals (Figure 6B). Although both strains 
displayed robust infiltration of lymphocytes into the lung, Tnf–/– 
mice had significantly fewer neutrophils and eosinophils than did 
WT mice. Consistent with this finding, the neutrophil-attracting 
chemokines CXCL1 and CXCL5, as well as the eosinophil-attract-
ing chemokine CCL11, were also strongly reduced in the airways 
of Tnf–/– mice following the OVA challenge compared with WT 
mice (Figure 6C). This suggests that in addition to its requirement 
for Th2 development during TLR ligand–mediated allergic sen-
sitization, TNF also acts during the challenge phase to promote 
recruitment of both eosinophils and neutrophils into the airway, in 
part by eliciting production of chemokines.

was not significantly decreased in mice lacking neutrophils, T and 
B lymphocytes, or mast cells (Supplemental Figure 7, C–E).

Myeloid differentiation primary response protein 88 (MyD88) 
is an adaptor molecule downstream of all TLRs except TLR3. As 
expected, TNF production was markedly diminished in Myd88–/– 
mice following LPS/OVA inhalation (Figure 5A). Mice selectively 
lacking Myd88 expression in AECs had similar amounts of TNF 
to those of WT mice (Figure 5B), whereas it was markedly dimin-
ished in mice lacking Myd88 in Cd11c-expressing cells (Figure 5B). 
Because macrophages and cDCs in the lung both express Cd11c, 
we instilled LPS into the airways of mice, separately purified these 
cell types from the lungs by FACS, and cultured the cells ex vivo. 
Alveolar and interstitial macrophages produced relatively large 
amounts of TNF, monocytes produced less cytokine, and cDCs 
produced almost no TNF (Figure 5C). Clodronate treatment, 
which depleted alveolar macrophages, but not interstitial mac-
rophages or monocytes, did not diminish either TNF production 
or the efficiency of LPS/OVA sensitization (Supplemental Figure 
7, F–H), suggesting that although they can produce TNF, alveolar 
macrophages are not an essential source of this cytokine. Taken 
together, these data suggest that during TLR ligand–mediated 
allergic sensitization, interstitial and alveolar macrophages can be 
major TNF-producing cells.

Radioresistant cells respond to TNF to enhance eosinophilic 
inflammation in the LPS-mediated model of asthma. Having identi-
fied the major cell sources of TNF, we next asked which cells were 
responding to it to promote allergic sensitization. We first deter-
mined whether TNF responsiveness in structural cells or hemato-
poietic cells is required in the asthma model by generating recip-
rocal bone marrow chimeric mice using WT and TNFR1/2-DKO 
animals. After allowing 12 weeks for recipient mice to be fully 
reconstituted, they were sensitized with LPS/OVA and challenged 
with aerosolized OVA. As expected, neutrophils and eosinophils 
were recruited to the airways of WT animals that received WT 
bone marrow cells (WT→WT mice) (Figure 5D). Similar num-
bers of inflammatory cells were seen in WT mice that received 
TNFR1/2-DKO marrow (DKO→WT), indicating that TNF respon-
siveness of hematopoietic cells is dispensable for airway inflam-
mation. By contrast, DKO mice receiving either DKO or WT bone 
marrow (DKO→DKO and WT→DKO, respectively) had signifi-
cantly reduced eosinophils compared with the 2 WT recipient 
groups. These findings demonstrate that TNF responsiveness in a 
radioresistant cell type, such as AECs, is required for eosinophil-
ic inflammation in this TLR ligand–dependent model of asthma. 
However, neutrophils were not dependent on TNF in the bone 
marrow chimeric mice, possibly because radiation triggers pro-
duction of proinflammatory cytokines that remain high for many 
weeks after irradiation (33).

TNF signaling responses contribute to AEC transcriptional repro-
gramming during TLR ligand–mediated allergic sensitization. To 
investigate the consequences of TNF signaling in AECs during TLR 
ligand–mediated allergic sensitization, we used flow cytometry– 
based cell sorting to purify these cells from WT and TNFR1/2-
DKO mice 4 hours after sensitization with LPS/OVA. RNA from the 
AECs was analyzed by a highly quantitative, multiplexed hybrid-
ization assay (NanoString Technologies) to evaluate expression of 
547 genes known to be associated with immune responses. Of the 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 3 2 1jci.org   Volume 127   Number 9   September 2017

We next tested whether the relatively weak neutrophilic 
response in TNFR1/2-DKO mice receiving OVA-specific Th17 
cells was due to a lower number of these cells in the lung follow-
ing OVA challenge. To do this, we used triple-transgenic mice 
bearing an OVA-specific TCR transgene from OT-II mice, a Cre 
recombinase transgene driven by the Il17 promoter, and a Cre- 
inducible tdTomato transgene (K.H. Shalaby, unpublished obser-
vations). In these mice, tdTomato is irreversibly activated fol-
lowing Il17 expression, and the fluorescent cells can be tracked 
in vivo. We used naive T cells from these mice to generate OVA- 
specific Th17 cells in vitro, and adoptively transferred them into 
WT and TNFR1/2-DKO mice. Following challenge with aerosol-
ized OVA, airways of WT recipient mice contained large num-
bers of neutrophils and tdTomato+ Th17 cells, whereas numbers 
of both cell types were decreased in TNFR1/2-DKO and Tnf –/– 
recipients (Figure 6F and Supplemental Figure 10). Together, 
these data show that TNF signaling during allergen challenge is 
required for robust Th17 cell accumulation in the airways and for 
consequent neutrophilic inflammation.

To confirm that TNF functions during the challenge phase 
of allergic airway disease to promote eosinophilic and neutro-
philic inflammation, we again bypassed the role of TNF during 
sensitization, this time by generating OVA-specific, Th2 or Th17 
T cells in vitro, and separately transferring them into naive WT 
or TNFR1/2-DKO recipient animals before challenge with OVA. 
WT mice that received the OVA-specific Th2 cells developed 
strong eosinophilic inflammation upon OVA challenge, but this 
response was strongly reduced in similarly treated TNFR1/2-
DKO mice (Figure 6D). Likewise, adoptive transfer of in vitro–
generated, OVA-specific Th17 cells followed by OVA challenge 
elicited a strong neutrophilic response in WT recipients, but not 
in TNFR1/2-DKO recipients (Figure 6E). Similar reductions in 
eosinophilic and neutrophilic inflammation were seen when 
either Th2 or Th17 cells were adoptively transferred into mice 
lacking the cytokine TNF (Supplemental Figure 9, A and B). These 
data indicate that in addition to its role during allergic sensitiza-
tion, TNF also functions during allergen challenge to exacerbate 
allergic inflammation of the lung.

Figure 6. TNF is required during the challenge phase of allergic airway disease for eosinophilic and neutrophilic inflammation. (A) TNF concentrations 
in BALF of mice previously sensitized (Sens.) with indicated adjuvants and challenged (chall.) with OVA (n = 8 mice per group). (B and C) WT and Tnf–/– mice 
were sensitized using rmTNF/OVA, and challenged with OVA aerosol. Cell numbers for the indicated leukocytes (B) and chemokine levels in BALF after 
challenge (C) (n = 6 mice per group). (D–F) Cell numbers for indicated leukocytes in airways of OVA-challenged mice following adoptive transfer of in vitro–
polarized, OVA-specific Th2 cells (D), Th17 cells (E), or fluorescent, IL-17 fate-mapping cells (F) (n = 6–12 mice per group). Values shown represent mean ± 
SEM from 1 of 2 experiments yielding similar results, except A and D, in which data from 2 experiments were pooled. *P < 0.05, **P < 0.01, ***P < 0.001; 
“OVA only” group vs. other groups (A) or WT vs. Tnf–/– or TNFR1/2-DKO mice that were treated similarly (B–F); Kruskal-Wallis 1-way ANOVA with Dunn’s 
multiple comparison test.
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animals. Although the explanation for this apparent discrepancy is 
not known, whole-body irradiation causes profound transcription-
al changes in the lung (41). This, in turn, can lead to inflammation, 
parenchymal remodeling, pulmonary fibrosis (42), and increased 
amounts of proinflammatory cytokines, including IL-1α and IL-6 
(16). Because the latter cytokines contribute to Th17 development, 
changes caused by radiation in bone marrow chimeric mice might 
circumvent the requirement of TNF for neutrophilic inflammation 
observed in intact animals.

RNA profiling of AECs revealed that the gene whose expression 
in these cells was most affected by the absence of TNFR1/2 was 
Plaur, which encodes uPAR, a serine protease receptor involved in 
the generation of plasmin from plasminogen. Previous genetic (34) 
and biological (43, 44) evidence has strongly implicated uPAR in 
asthma, particularly in severe, nonatopic asthma. Our current work 
shows that Plaur expression in AECs is dependent on TNF signal-
ing responses in those cells. The precise mechanistic relationship 
between asthma and uPAR remains unclear, in part because its 
enzymatic product, plasmin, has multiple activities, including acti-
vation of TGF-β1. The latter observation is of particular interest in 
light of our finding that TNF also induces the transcription of Tgfb1. 
Thus, TNF signaling in AECs likely increases the activity of TGF at 
the transcriptional and posttranslational levels. Although relatively 
little is known of TGF-β3, its effects on fibrosis are opposite to those 
of TGF-β1 (45). Whether the TNF-dependent reciprocal regulation 
we observed for TGF-β1 and TGF-β3 is relevant to allergic sensiti-
zation or inflammation awaits additional studies.

TNF was dispensable for IL-17 production in lung-draining 
LNs, yet neutrophilic inflammation following allergen challenge 
was much lower in TNFR-deficient mice than in WT animals. 
Together, these data suggest that TNF acts at some point after 
allergic sensitization. In support of this, 2 different approaches 
to bypass the requirement of TNF during allergic sensitization 
revealed that production of this cytokine during the challenge 
phase promoted the recruitment of both eosinophils and neutro-
phils to the airway. This result is consistent with a previous study 
in which anti-TNF antibodies reduced eosinophilic inflammation 
following challenge of mice that had been previously sensitized by 
an extrapulmonary route (46). The precise mechanism by which 
TNF promotes inflammation during the challenge phase remains 
unknown and will be an objective of future studies. It is possible 
that TNF promotes T cell production of cytokines, either directly 
or indirectly. IL-23 has been proposed to stabilize Th17 cells and 
promote their production of IL-17, but also to promote Th2 differ-
entiation and allergic inflammation (47). Furthermore, in some 
situations, TNF can promote both Th2 and Th17 inflammation 
by inducing IL-23 (48). However, we found that WT and TNFR- 
deficient mice had similar amounts of IL-23 in their airways after 
allergen challenge (G.S. Whitehead, unpublished observations), 
suggesting that in this model, TNF likely promotes airway inflam-
mation through a different pathway.

The increased levels of TNF seen in bronchial biopsies and 
induced sputum from human subjects with asthma suggest that 
this cytokine likely has an important role in clinical disease. Fur-
thermore, inhaled TNF promotes airway neutrophilia and AHR 
in both asthmatics and healthy human subjects (49, 50), and 
polymorphisms in Tnf are associated with asthma (51). However, 

Discussion
The structural and biochemical diversity displayed by allergens 
suggests that they likely activate distinct signaling pathways that 
converge on allergic inflammation of the airway. In the current 
study, we found that the cytokines TNF, IL-1α, and IL-1β were 
induced by TLR ligands, but not by proteases. Previous work 
with animal models has shown that TNF is sufficient to promote 
allergic sensitization to OVA (24), and that TNFR-KO mice have 
reduced inflammation in a low-dose-LPS, but not a high-dose-
LPS, model of asthma (38). We confirmed that TNF is required for 
pulmonary inflammation in the LPS/OVA model of asthma, and 
further showed that this cytokine is dispensable for inflammation 
in the ASP/OVA model of this disease, thereby identifying the 
TNF signaling pathway as distinguishing TLR ligand–mediated 
allergic pulmonary inflammation from that triggered by proteases. 
The requirement of TNF was not restricted to the LPS/OVA model 
of asthma, however, because it was also required in a model where 
HDE was used as the adjuvant.

Dissection of the TLR ligand model into the sensitization 
and challenge phases revealed that TNF affects eosinophilic and 
neutrophilic inflammation in different ways (Supplemental Fig-
ure 11). The reduced accumulation of eosinophils in the airways 
of challenged mice can be partly explained by a requirement of 
TNF during allergic sensitization because lung-draining LNs of 
TNF-deficient mice had significantly lower amounts of Th2 cyto-
kines than did LNs of WT mice. However, similar decrements of 
IL-17 were not observed in LNs of the TNF-deficient mice, and 
using TNF as an adjuvant failed to elicit IL-17 production in mLNs. 
The selective requirement of TNF for Th2 differentiation in this 
model suggests that this cytokine does not affect lung DC migra-
tion because that would be expected to impact both Th2 and Th17 
differentiation. Additional experiments will be required to identi-
fy the molecular change(s) downstream of the TNF receptor that is 
selectively required for Th2 differentiation. We detected only very 
low levels of the epithelial cell–produced cytokines IL-25, IL-33, 
and TSLP, in agreement with a previous report (30). The technical 
difficulties in accurately measuring these cytokines in biological 
fluids (29, 39) might have contributed to the low amounts detect-
ed. However, we recently showed that BALF of HDE-treated mice 
contains an activity that enhances the ability of DCs to direct Th2 
differentiation in vitro, and that this activity is independent of 
IL-33, TSLP, and IL-25 (40). It is possible, therefore, that binding 
of TNF to its receptor on AECs releases an unidentified factor that 
contributes to the Th2-promoting activity of lung DCs.

We found that TNFR1/2 was required on radioresistant cells 
in bone marrow chimeric mice for eosinophilic inflammation. Fur-
thermore, TNFR1, which is expressed in structural cells, was also 
found to be required for allergic airway inflammation. This sug-
gests that TNF signaling in AECs might be important in the TLR 
ligand model of asthma, although other radioresistant cells, such 
as macrophages or fibroblasts, might also contribute. In multiple 
experiments using the LPS/OVA model of asthma, we consistent-
ly observed that compared with WT mice, intact TNFR1/2-DKO 
mice and TNFR1-single-KO mice had reduced eosinophils and 
neutrophils. Reduced eosinophils were also seen in bone marrow 
chimeric mice lacking TNFR on radioresistant cells. However, 
reductions in neutrophils and total cells were not seen in the latter 
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the Myd88fl/fl mice to Sftpc-Cre mice. Briefly, mice lacking MyD88 in 
AECs and DCs were generated by crossing of conditionally mutant 
Myd88fl/fl mice to Sftpc-cre mice and Itgax-cre mice, respectively. 
OVA-specific, Il17 fate-mapping T cells were obtained from mice that 
carried three transgenes: an OVA-specific TCR from OT-II mice, a 
Cre recombinase-YFP fusion protein-encoding gene inserted into 
the 3′ region of the Il17 gene, and the Cre-inducible tdTomato gene 
from B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J mice. They were crossed 
to OT-II mice to generate mice with OVA-specific T cells that per-
manently acquire tdTomato fluorescence upon Il17 expression. In all 
experiments, age-matched and genetically matched mice from the 
same commercial source were used as controls. Mice were housed in 
pathogen-specific conditions and used between 6 and 12 weeks of age.

Animal models of asthma. To induce allergic sensitization, mice 
were lightly anesthetized with isoflurane and given 2 oropharyngeal 
(o.p.) administrations, 1 week apart, of 50 μg LPS-free OVA (Worth-
ington Biomedical) together with an adjuvant. The adjuvants tested 
included 100 ng LPS from E. coli 0111:B4 (Sigma-Aldrich), 1,250 ng 
recombinant FLA (InvivoGen), 20 μg protease from Aspergillus oryzae 
(Sigma-Aldrich), 33 μg protease from papaya (papain), 20 μl of HDE, 
and rmTNF (Gemini Bio-Products), which according to the vendor 
typically contains ≤1 endotoxin unit/μg LPS. All instillations were in 
a total volume of 50 μl with PBS as the diluent. In some experiments, 
ASP was heat-inactivated at 95°C for 30 minutes to inactivate prote-
ase activity. Seven days after the second sensitization, mice were chal-
lenged by exposure to an aerosol of 1% OVA (Sigma-Aldrich) in PBS 
for 1 hour. Unless otherwise indicated, BALF was collected 4 hours 
after challenge for analysis of cytokines in the airway, whereas airway 
inflammation and AHR were assessed at 48 hours after challenge.

OVA uptake by lung DCs. OVA uptake by lung cDCs and AMs was 
evaluated following instillation of Alexa Fluor 647–labeled OVA (Life 
Technologies), as described previously (55).

Analysis of RNA. Lungs were perfused with PBS through the right 
ventricle, excised, and flash-frozen in liquid N2, and RNA was iso-
lated from them using a Qiagen RNeasy Mini Kit (Qiagen). Quanti-
tative PCR was performed per the instructions of the manufacturer 
(Applied Biosystems), and values were normalized to expression of 
the housekeeping gene Gapdh. To study gene expression in AECs, 
lungs were perfused via right atrium with Ca++- and Mg++-free PBS, 
excised, rinsed with PBS, and inflated with 4 U/ml elastase (Roche 
Diagnostics) for 45 minutes at 37°C. Lungs were then minced, digest-
ed with 0.5 mg/ml DNase for 15 minutes at 37°C, and pushed through 
a 70-μm strainer. The resulting cells were incubated with biotinylated 
antibodies against the lineage markers CD31, CD34, and CD45, and 
an AutoMACS column was used to deplete nonepithelial cells. AECs 
were then subjected to flow cytometry–based sorting as 7-AAD–CD31–

CD34–CD45–EpCAM+ cells. Purity of the isolated cells was great-
er than 99%. RNA prepared from these cells was hybridized to the 
nCounter Mouse Immunology Gene Expression Codeset per the man-
ufacturer’s instructions and then quantified on an nCounter machine 
(NanoString). Gene expression data were normalized using 14 Nano-
String nSolver housekeeper genes: Alas1, Eef1g, G6pdx, Gapdh, Gusb, 
Hprt, Oaz1, Polr1b, Polr2a, Ppia, Rpl19, Sdha, Tbp, and Tubb5. Genes 
were excluded from the analysis if their minimum intensity threshold 
was less than 40 counts for all sample groups.

Analysis of cytokines in BALF, regional LNs, and whole lungs. Con-
centrations of cytokines and chemokines in BALF were measured 

results of clinical trials aimed at blockade of the TNF receptor have 
been mixed, with some studies showing a benefit (21, 22), but oth-
ers not (23, 52). It seems likely that this is because blockade of TNF 
is efficacious in only a subgroup of patients, which is consistent 
with our current finding that TNF is required in some, but not all, 
models of asthma. Most humans are likely exposed to several adju-
vants and allergens, which trigger multiple pathways that converge 
on allergic inflammation of the airway. Although blockade of TNF 
might prevent or attenuate asthma where TLR ligand exposures 
are the primary factor in allergic sensitization and asthma exacer-
bations, other pathways, triggered by protease allergens, for exam-
ple, would be expected to remain unaffected, or even enhanced. It 
is noteworthy that after ASP/OVA-mediated allergic sensitization, 
Tnf –/– mice had considerably higher amounts of IL-13 in the airway 
than did WT mice. Although the explanation for this observation 
is not yet known, TNFR2 is expressed on Tregs and can contribute 
to their expansion or function (53). Thus, in the absence of TNFR2 
signaling, decreased Treg number or function might lead to stron-
ger effector immune responses. In support of this, we found that 
TNFR2-single-KO mice displayed stronger eosinophilic inflam-
mation than WT mice in the LPS/OVA model, whereas TNFR1-
single-KO mice had weaker responses. Thus, TNFR1 and TNFR2 
have opposing actions in this model of asthma, suggesting that 
blockade of TNF might exacerbate allergic inflammation in some 
individuals, and be protective in others, depending on the relative 
contribution of those 2 receptors to an individual’s disease. A com-
prehensive endotyping of individual patients and analysis of their 
environmental exposures should be helpful in identifying asthma 
subgroups likely to be responsive to TNF blockade.

In addition to environmental exposures, genetic susceptibil-
ity is also likely to impact the effectiveness of anti-TNF therapy. 
The genes we have shown to be induced in AECs by TNF repre-
sent novel candidates that can be tested not only for their poten-
tial mechanistic role in asthma, but also in SNP-based studies for 
predicting responsiveness to anti-TNF therapy. The ability to ame-
liorate the features of asthma by inhibiting genes downstream of 
TNF would be preferable to blockade of TNF itself because the lat-
ter is associated with increased risk of infection (23). It will there-
fore be important to investigate these genes as potential targets in 
novel interventional therapies aimed at reducing the severity of 
asthma in defined populations while minimizing risk of infection.

Methods
Mice. Male mice of the following mouse strains were purchased 
from Jackson Laboratory: C57BL/6J, B6129SF2/J, TNFR1–/– (C57BL/ 
6-Tnfrsf1atm1Imx/J), TNFR2–/– (B6.129S2-Tnfrsf1btm1Mwm/J), 
TNFR1/2-double-KO (DKO) (B6.129S-Tnfrsf1atm1Imx Tnfrsf1btm1Imx/J), 
Tnf–/– (B6.129S-Tnf tm1Gkl/J), OT-II (B6.Cg-Tg[TcraTcrb]425Cbn/J), 
Tlr2–/– (B6.129S4-Ccr2tm1Ifc/J), Tlr4–/– (B6.129P2-Tlr4tm1Aki), Tlr5–/– 
(B6.129S1-Tlr5tm1Flv/J), Myd88fx/fx [B6.129P2(SJL)-Myd88tm1Defr/J], 
Cd11c-cre [B6.Cg-Tg(Itgax-cre)1-1Reiz/J],  KitW-sh (B6.Cg-KitW-sh/HNihr-
JaeBsmGlliJ), Rag1–/– (B6.129S7-Rag1tm1Mom/J), and B6.Cg-Gt(ROSA) 
26Sortm9(CAG-tdTomato)Hze/J. Brigid Hogan (Duke University, Durham, 
North Carolina, USA) provided B6;D2-Tg (Sftpc-cre)1Blh (Sftpc-cre) 
mice (54). Mice lacking Myd88 in Cd11c-expressing cells were gen-
erated by crossing conditionally mutant Myd88fl/fl mice to Itgax-cre 
mice. Animals lacking Myd88 in AECs were generated by crossing 
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sensitized to inhaled LPS/OVA 16 hours before tissue procurement. 
Briefly, alveolar macrophages were identified as CD11chiSiglec-Fhi 

CD88hiCD11blo cells, interstitial macrophages as CD11cintermediate 

CD88hiSiglec-FloLy-6Glo cells, monocytes as CD11bhiLy6-ChiCD88lo 

MHC-IIlo cells, and cDCs as CD11chiMHC-IIhiCD88lo cells. Sorted cells 
(1 × 105) were cultured for 24 hours in 200 μl complete cRPMI in a 5% 
CO2 incubator. The supernatants were analyzed for TNF levels using a 
multiplexed fluorescent bead–based immunoassay.

In vitro generation of OVA-specific Th2 and Th17 cells. DCs for 
in vitro cocultures were obtained from spleens of C57BL/6J mice. 
Minced spleens were digested with Liberase TM (100 μg/ml; Roche), 
collagenase XI (250 μg/ml), hyaluronidase 1a (1 mg/ml), and DNase I  
(200 μg/ml; Sigma-Aldrich) for 30 minutes at 37°C. The reactions 
were stopped with the addition of EDTA (20 mM final concentration), 
and the DCs were separated from lymphocytes and red blood cells 
by discontinuous phase-density centrifugation with 14.5% Nycodenz 
(Accurate Chemical), washed with PBS containing 2% FCS (Hyclone) 
and 2 mM EDTA, and further enriched by positive selection using 
anti-CD11c antibodies on an AutoMACS magnetic bead–based cell 
sorting system (Miltenyi Biotec). Naive CD4+ T cells were prepared 
from spleens and LNs of OT-II transgenic mice by negative selec-
tion as described previously (56), and cultured at 1 × 106 T cells per 
well together with 0.5 × 106 splenic DCs in 2 ml cRPMI containing  
OVA323–339 peptide (10 nM). To generate Th2 cells, recombinant IL-4 
(rIL-4) (4 ng/ml), rIL-2 (20 ng/ml), anti–IL-12 (10 μg/ml), and anti–
IFN-γ (5 ng/ml) were added to the culture. On day 5, the cells were 
divided again into 2 wells, and cultured in 2 ml of cRPMI with rIL-2 
(20 ng/ml). To generate Th17 cells, rhTGF-β (3 ng/ml), rIL-1α (10 ng/
ml), rIL-6 (10 ng/ml), anti–IL-2 mAb (10 μg/ml), anti–IL-4 mAb (10 
μg/ml), anti–IL-12 mAb (10 μg/ml), and anti–IFN-γ (5 ng/ml) antibod-
ies were added. After 3 days, the cells were divided into 2 wells and 
then cultured in the same conditions with the addition of IL-23 (10 ng/
ml), but without OVA peptide. On day 7, the OVA-specific T cells were 
counted and washed 3 times with PBS, and 1 × 106 cells were adoptive-
ly transferred into recipient mice by retro-orbital injection.

Statistics. Most statistical calculations were performed using 
GraphPad Prism 7 (GraphPad Software Inc.). Data are shown as 
means ± SEM. Differences between groups were identified by  
ANOVA using Dunnett’s multiple comparison tests or Kruskal- 
Wallis 1-way ANOVA with Dunn’s multiple comparison test. Individ-
ual comparisons between groups were confirmed by a 2-tailed Stu-
dent’s t test or the Mann-Whitney U test, and a P value of less than 
0.05 was considered statistically significant. Analysis of NanoString 
data was performed in R version 3.2.1, using limma version 3.27.5 
from Bioconductor version 2.31.0. Statistical tests were performed via 
a moderated t test using limma-voom, which models the mean-vari-
ance to assign observational-level weights prior to downstream linear 
modeling. Genotype-specific hits were defined as (WTLPS/WTuntreated)/
(DKOLPS/DKOuntreated) > 1.5, with P less than 0.01.

Study approval. All animal studies were reviewed and approved 
by the Institutional Animal Care and Use Committee at the National 
Institute of Environmental Health Sciences, Research Triangle Park, 
North Carolina, USA.

Author contributions
GSW, SYT, KN, KHS, TPM, and HN performed experiments with 
cells and animals. HN, KN, KHS, and GSW prepared cells for adop-

as described previously (12), using a multiplexed fluorescent bead–
based immunoassay according to the instructions of the manufactur-
er (Bio-Rad Laboratories). To indirectly study T cell development in 
lung-draining mLNs, Histopaque (Sigma-Aldrich) gradient–enriched 
cells were prepared from spleens and LNs of OT-II transgenic mice 
as previously described (56) and washed 3 times with sterile PBS, and 
107 cells were transferred by retro-orbital injection into recipient mice. 
These animals were then given o.p. administrations of OVA togeth-
er with a test adjuvant. Four days after sensitization, the mLNs were 
excised, minced, and pressed through a 70-μm strainer; 1 × 106 LN cells 
were cultured for 2 days containing 10% FBS, 55 μM 2-mercaptoeth-
anol (Sigma-Aldrich), 10 mM HEPES (Life Technologies), 100 IU/ml 
Penicillin/100 μg/ml Streptomycin (Life Technologies), and 10 μg/ml 
OVA. For measurement of cytokines by lung explants following sensiti-
zation and challenge of mice, lungs were first perfused in situ through 
the right atrium with sterile PBS at 48 hours after challenge, excised, 
and cultured in 1 ml cRPMI medium containing 10 μg/ml OVA for 24 
hours. Supernatants were analyzed for cytokines using multiplexed flu-
orescent bead–based immunoassays.

Histology. Lungs were fixed in 10% formalin and embedded in 
paraffin. Left lobe longitudinal sections 5–7 μm thick were stained 
with Alcian blue and periodic acid–Schiff and examined under a BX51 
microscope (Olympus) using a ×10 objective, and images were cap-
tured with an Olympus DP70 digital camera. Inflammation was scored 
by a pathologist in a blinded fashion, based on both the intensity locally 
and the number of vessels and bronchi exhibiting surrounding infil-
trates. Grades were assigned to mucin staining based on the number 
of goblet cells and their pattern of distribution in the main bronchus, 
proximal branches, preterminal bronchioles, and terminal bronchioles.

AHR. Evaluations of AHR were performed as previously 
described (12), using the FlexiVent mechanical ventilator system 
(Scireq). A single-compartment model of the lung was used to 
assess total respiratory system resistance after delivery of aerosol-
ized methacholine using an ultrasonic nebulizer. Data are reported 
as peak resistance values.

Cell depletion. Alveolar macrophages were depleted using a Clo-
drosome macrophage depletion kit (Encapsula NanoSciences). Briefly, 
anesthetized mice were given o.p. administrations of 50 μl liposomal 
clodronate suspension containing 5 mg/ml clodronate, or an equiva-
lent amount of control liposomes lacking clodronate. Flow cytometry 
was used to confirm depletion of the alveolar macrophages at 7 days 
after treatment. Neutrophils were depleted by i.p. injections of 150 μg 
of anti–mouse Ly-6G/Ly-6C (Gr-1) antibody (clone RB6-8C5, eBiosci-
ence) or anti–mouse Ly-6G (clone 1A8, BioXCell) 16 and 2 hours before 
sensitization. Isotype controls were rat IgG2b (clone eB149/10H5) and 
rat IgG2a (clone 2A3), respectively.

Generation of bone marrow chimeric mice. Reciprocal bone marrow 
chimeric mice were created using B6129SF2/J and TNFR1/2-DKO 
mice using standard procedures. Briefly, 107 bone marrow cells were 
transferred into lethally irradiated (9.25 Gy over 12 minutes) recip-
ient animals by retro-orbital injections. The mice were given acidi-
fied water supplemented with 500 μg/ml neomycin for 2 weeks after 
irradiation. After allowing 12 weeks for hematopoietic reconstitution, 
recipient mice were used in experiments.

Purification of cell populations in lung for culture. Alveolar and inter-
stitial macrophages, monocytes, and cDCs were purified from the lung 
using flow cytometric sorting, as previously described (57), from mice 
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