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Exposure to dogs in early infancy has been shown to reduce the
risk of childhood allergic disease development, and dog ownership
is associated with a distinct house dust microbial exposure. Here,
we demonstrate, using murine models, that exposure of mice to
dog-associated house dust protects against ovalbumin or cock-
roach allergen-mediated airway pathology. Protected animals
exhibited significant reduction in the total number of airway T
cells, down-regulation of Th2-related airway responses, as well as
mucin secretion. Following dog-associated dust exposure, the cecal
microbiome of protected animals was extensively restructured with
significant enrichment of, amongst others, Lactobacillus johnsonii.
Supplementation of wild-type animals with L. johnsonii protected
them against both airway allergen challenge or infection with re-
spiratory syncytial virus. L. johnsonii-mediated protection was asso-
ciated with significant reductions in the total number and propor-
tion of activated CD11c+/CD11b+ and CD11c+/CD8+ cells, as well as
significantly reduced airway Th2 cytokine expression. Our results
reveal that exposure to dog-associated household dust results in
protection against airway allergen challenge and a distinct gastro-
intestinal microbiome composition. Moreover, the study identifies
L. johnsonii as a pivotal species within the gastrointestinal tract capa-
ble of influencing adaptive immunity at remote mucosal surfaces in
a manner that is protective against a variety of respiratory insults.
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The emerging field of human microbiome research has dem-
onstrated the key role microbial communities play in a vari-

ety of critical mammalian processes including ancillary mucosal
barrier function (1) and metabolism (2, 3), as well as develop-
ment and modulation of host immune responses (4, 5). This is
particularly evident in the gastrointestinal (GI) tract where the
composition of the microbiome in this niche and, specifically, the
presence of particular bacterial species such as segmented fila-
mentous bacteria and those belonging to Clostridium clades IV
and XIV, have been shown to induce specific T-cell repertoires,
i.e., Th17 and CD4+ FoxP3+ T-regulatory cells, respectively (4,
6). These studies demonstrate that despite the complexity of the
GI microbiome, the presence or absence of specific bacterial
species can dramatically alter the adaptive immune environment.
Human studies appear to support this concept. A large

European birth cohort study demonstrated that a significant
increase in the number of Escherichia coli or Clostridium difficile
in fecal samples from 3-wk-old infants was associated with a
greater risk of developing a spectrum of childhood allergic dis-
eases (7), commonly characterized by overactive Th2 adaptive
immune response. Early-life exposures, including those known to
impact GI microbiome composition, e.g., antibiotic administration
and caesarian section delivery, have also been associated with
increased risk for childhood asthma (8, 9). Conversely, exposure

to livestock or pets, particularly dogs during this early-life period,
significantly decreases the risk for disease development (10, 11).
Conceivably, the mechanism by which animal exposures mediate
their protective effect is through their impact on local environ-
mental microbial exposures, which in turn influence microbiome
membership and the immune response of the human host. Be-
cause GI microbiome composition clearly impacts immune func-
tion, and early GI colonization patterns are linked to allergic
disease development, it is necessary to understand whether and
how distinct environmental microbial exposures associated with
allergy-protective factors influence GI microbiome composition
and airway disease outcomes.

Results
House Dust Exposure Affords Airway Protection. House dust was
collected from two residences: one possessed an indoor/outdoor
dog (D), and the other had no pet (NP) present. The total weight
of dust collected from the D house was approximately fourfold
greater than that of the NP house. DNA extraction of 0.1 g of
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each dust and 16S rRNA amplification under identical con-
ditions resulted in no detectable PCR product from the NP
sample, whereas the D sample produced >250 ng of amplicon.
This is consistent with our previous study in which NP dust
samples exhibited low bacterial burden, with 40% of samples
failing to produce a 16S rRNA PCR product (12). Nonmetric
multidimensional scaling (NMDS) analysis based on a Canberra
distance matrix confirmed that the microbial composition of the
D dust used for these experiments was more similar to indoor/
outdoor dog-associated dust samples than to any other type of
house dust (cat-owning or no-pet homes) examined in our pre-
vious study (12) (Fig. S1A). Canberra distances between this
sample and various distinct dust sample types previously ana-
lyzed confirmed this observation (Fig. S1B).
House dust bacterial burden and diversity likely play a signifi-

cant role in defining environmental microbial exposures. There-
fore, in an effort to faithfully replicate the microbial exposures
present in these houses, the weight of D dust used to gavage mice
was four times greater than that used to gavage mice receiving
NP dust. Four treatment groups [D or NP dust-gavaged, cock-
roach allergen (CRA)-challenged mice; unsupplemented CRA-
challenged; or control, unsupplemented, unchallenged animals;
Fig. S2A] were used in a CRA airway challenge model described
in SI Materials and Methods. Following final CRA challenge, all
animals in each treatment group (n = 5) were assessed for airway
pathophysiology and immune responses. Animals exposed to D
dust exhibited a significant reduction in lung Th2 cytokine
mRNA expression levels (IL-4 and IL-13) compared with those
treated with dust from NP houses (Fig. 1A). This abrogated Th2
response was accompanied by significantly reduced expression of
the mucus-associated gene, gob5 (chloride channel calcium ac-
tivated 3; Fig. 1B). In addition, airway histology demonstrated an
overall reduction in both the level of inflammation and goblet
cell metaplasia, which was relatively intense in CRA and NP+
CRA-exposed animals but virtually absent from the D dust-
exposed mice (Fig. 1C). Enumeration of total mediastinal (lung-
draining) lymph node cells, which serve as an indicator of im-
mune activation and lymphocyte expansion, revealed that ani-
mals treated with D dust demonstrated a significant reduction in
total lymph node cell numbers (Fig. 1D). Because epidemiologic
studies have demonstrated an association between the presence
of a pet in the home and reduced levels of serum IgE in infants
(13), we also examined serum IgE levels in animals treated with
NP or D dust and demonstrated a significant reduction in D
dust-supplemented, compared with NP dust-treated animals
(Fig. 1E). Given their role in controlling proinflammatory re-
sponses, we also examined total T-reg cell numbers in the lung,
lymph nodes, and Peyer’s patch. However, no significant differ-
ence in the total number of these regulatory cells were identified.
Because it could be argued that the lack of protection by NP

dust was simply due to a lower level of inoculation, we performed
a separate experiment using newly collected dust samples, ex-
posing animals to equal weights of either D- or NP-associated
house dusts. Irrespective of the weight of dust administered,
D-associated house dust consistently demonstrated a significant
reduction in airway Th2 cytokine expression compared with NP
dust exposure (Fig. S3), although decreased gob5 expression was
lost upon reduced exposure (Fig. S3). Collectively, these data
demonstrate that exposure to D-associated house dust alters al-
lergen-induced airway immune responses, via down-regulation of
Th2 responses and serum total IgE levels and that this protective
phenomenon persisted even when D dust exposure is reduced to
levels equivalent to that encountered in NP-owning households.
To determine whether the alteration of pulmonary immunity

in D dust-exposed animals extended to other allergens, we used
an antigen-specific ovalbumin (OVA) murine model that in-
volves transfer of carboxyfluorescein succinimidyl ester (CFSE)-
stained splenic naïve T cells from DO.11 OVA protein-specific

animals before airway OVA challenge (detailed in SI Materials
and Methods; Fig. S2B). DO.11 T-cell proliferation in the me-
diastinal lymph nodes was assessed across treatment groups and
indicated that animals treated with dust from homes with dogs
displayed significantly lower proliferative responses, as assessed
by reduced dilution of the CFSE-labeled OVA-specific DO.11
T cells in these animals (Fig. S4A). The number of OVA-
specific DO.11 T cells was also lower in these mice, suggesting
a reduction in expansion and/or recruitment of the responding
T-cell population (Fig. S4B). Impressively, when airway histol-
ogy was examined, a dramatic reduction in overall inflam-
mation and airway pathology was observed in animals exposed
to D dust (Fig. S4C). Collectively, these studies demonstrate
that exposure to D-associated house dust alters host responses
to two distinct antigen systems via modulation of both T-cell
numbers and activity.

Airway Protection Is Associated with GI Microbiome Restructuring.
We next examined the cecal microbiota of control mice and
those gavaged with either D or NP dust in the OVA challenge
experiment, using a phylogenetic microarray. This platform was
used rather than next-generation sequencing to generate a high-
resolution microbiome profile for comparative analyses across
treatment groups and identify specific taxa that exhibit signifi-
cantly increased or decreased relative abundance, irrespective of
their rank (dominance) in the community. Relative measures of
community richness, Pielou’s evenness, and Faith’s phylogenetic

Fig. 1. Exposure of animals to dust from homes with dogs attenuates the
development of allergen-induced airways disease and serum IgE. (A) Whole-
lung mRNA analysis by Q-PCR demonstrates a significant decrease in IL-4 and
IL-13 in D dust-supplemented, but not in NP-supplemented animals compared
with controls. (B) Accompanying the Th2 cytokine reduction was significantly
reduced expression of the mucus-associated gene, gob5. (C) Reduced airway
mucus secretion and goblet cell metaplasia is observed in the D dust-supple-
mented animals, as depicted by PAS staining in lung histology. (D) A reduction
in draining lymph node numbers in D dust-supplemented animals was also
observed. (E) Serum IgE levels reflected the reduction in the development of
the Th2 environment in the D dust-supplemented animals. Data represent the
mean ± SE from five mice per group; *P < 0.05.
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diversity were not significantly altered across control and
treatment groups (P ≤ 0.13, P ≤ 0.21, P ≤ 0.15, respectively;
Kruskal–Wallis ANOVA; Fig. S5). Fast UniFrac (14), which
considers and weights phylogenetic relationships when pro-
ducing a distance matrix, was used to analyze microbiota profiles,
and data were visualized using principal coordinate analysis
(PCoA) to determine whether microbiota composition differed
across treatment groups and whether there was a phylogenetic
signal associated with such compositional differences. Control
animals exhibited compositionally distinct microbiota compared
with animals who received either D or NP dust before airway
challenge, indicating orally gavaged house dust impacts the
composition of the lower GI microbiota (Fig. 2A). Moreover,
the majority of mice exposed to D dust exhibited distinct cecal
microbiota from animals exposed to NP dust, indicating that ex-
posure to dusts with distinct microbial content elicited a differ-
ential effect on GI microbiome membership.
In an effort to identify candidate members of the GI micro-

biota that afforded protection against airway OVA challenge, we
performed a between-group comparison, focusing on organisms
significantly enriched in the ceca of protected mice. Following
Welch’s t testing and false-discovery rate correction for multiple
observations (15), we identified 104 taxa significantly (P ≤ 0.05,
q ≤ 0.15) enriched in protected animals. Of these, taxa exhibiting
the greatest enrichment in protected animals were represented
by multiple distinct genera primarily belonging to the Firmicutes
(classes Clostridia and Bacilli), including taxa belonging to the

genus Lactobacillus (operational taxonomic unit 7028), which
ranked among those taxa most highly enriched in protected
animals (Table S1; Fig. 2B). Using quantitative PCR (Q-PCR),
we confirmed the array-reported relative abundance of taxon
7028, the most highly enriched Lactobacillus in these communi-
ties (Fig. S6). Based on these findings, and the capacity to se-
lectively culture Lactobacillus species on de Man, Rogosa, and
Sharpe (MRS) agar, we enriched the cecal contents of four ad-
ditional animals gavaged with D dust for members of this genera,
a process that yielded several hundred morphologically identical
colonies. Bidirectional sequencing of the full-length 16S rRNA
gene of six colonies per animal, resulted in 21 high-quality almost
full-length (1,462 bp) reads, all of which exhibited at least 99%
coverage and 99% homology to Lactobacillus johnsonii (BLAST
bit scores: 2,685 ± 28; E values: 0.0). This species resides in taxon
7028 (represented by Lactobacillus gasseri), which exhibited the
most significant Lactobacillus enrichment in D dust-exposed
animals (Table S1), indicating a high degree of concordance
between molecular and culture-based assessments of the cecal
microbiome of these animals.

L. johnsonii Oral Supplementation Mediates Airway Protection. L.
johnsonii has recently been shown to delay or inhibit the onset of
type 1 diabetes in diabetes-prone rats (16) and protects against
atopic dermatitis in mice if introduced during the weaning period
(17), supporting its role as a protective species in mammalian
systems. Hence, to determine as proof of principle whether this
member of the protective microbiome played a role in modu-
lating adaptive immune responses associated with airway pro-
tection, we generated standardized supplements of this species
that were used to gavage animals in a similar experimental design
as the CRA airway challenge model. Administration of this
single Lactobacillus species resulted in significantly reduced
bronchial responsiveness (Fig. 3A) as well as abrogated pulmo-
nary mRNA levels and restimulated lymph node production of
Th2 cytokines, IL-4, IL-5, and IL-13 (Fig. 3B). Likewise, when
the inflammatory cell infiltrates were assessed in enzyme-dispersed
lungs of control or L. johnsonii-supplemented, allergen-sensitized
and -challenged animals, there was a significant reduction in
overall inflammation, with neutrophils, but not eosinophils, re-
duced in the lungs of L. johnsonii-supplemented animals (Fig.
3C). In addition, although control animals exhibited an increase
in distinct inflammatory DC population migration into the lungs
upon CRA challenge, L. johnsonii-treated animals did not (Fig.
3D). This overall reduction in inflammation was evident in his-
topathological sections, which demonstrated that, although
L. johnsonii-treated animals did display minor signs of allergic
inflammation, both inflammatory cell infiltration and goblet
cell metaplasia were substantially reduced compared with unsup-
plemented animals (Fig. 3E). L. johnsonii was not detected in the
airways of these animals (data not shown), indicating that GI
L. johnsonii plays a pivotal (albeit not as entirely comprehensive
as that afforded by D-associated dust) role in airway protection.
To further examine whether this protective effect was more

generalized, we used a primary viral infection model. Respiratory
syncytial virus (RSV) infections during infancy are especially
problematic, and early and severe RSV infection is both the
leading cause of childhood hospitalizations and a risk factor for
development of childhood asthma (18–20). Using the same
murine L. johnsonii supplementation strategy (Fig. S1), animals
were infected with RSV (line 19 strain, 1 × 105 pfu/mouse). In
these studies, an additional group of animals received autoclaved
heat-killed (H.K.) L. johnsonii to determine whether viable
organisms were necessary for airway protection. Animals were
examined for pathologic and immunologic outcomes that phe-
nocopy many of the clinical outcomes found in severely infected
infants, i.e., airway hyperresponsiveness (AHR), mucus hyper-
secretion, and T-cell cytokine production. Those supplemented

Fig. 2. (A) Exposure to house dust alters cecal microbiome composition.
UniFrac-based cluster analysis of cecal microbiota of control, D dust- and NP
dust-supplemented animals reveals distinct microbiota compositions in each
treatment group. (B) Phylogenetic tree displaying all taxa that exhibited
significant (P < 0.05; q < 0.15) relative enrichment (red bars) or depletion
(green bars) in airway-protected mice supplemented with D-associated
house dust compared with unprotected control animals. Phyla are indicted
by color: Acidobacteria (light blue), Actinobacteria (teal), Bacteriodetes
(purple), Firmicutes (green), Proteobacteria (red), and other (orange). Family
designation of highly enriched or depleted taxa are indicated.
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with live L. johnsonii displayed significantly decreased AHR
(Fig. 4A) and histologically presented with less inflammation and
reduced numbers of periodic acid-Schiff (PAS)-positive mucus-
producing goblet cells (Fig. 4B), whereas the H.K. L. johnsonii-
supplemented animals were not significantly different from un-
treated, RSV-infected animals. Similar to observations made in
the allergen model, a significant reduction in draining lymph
node T-cell production of IL-4, IL-5, IL-13, and IL-17 was also
observed in only the live L. johnsonii-supplemented animals (Fig.
4C). Finally, analyses of immune populations infiltrating the
lymph nodes demonstrated a reduction in total numbers of cells.
A reduction in number of DC subsets, CD11c+/CD11b+ and
CD11c+/CD8+, as well as CD69+ activated CD4 and CD8 T cells
was also observed (Fig. 4D). Thus, these studies confirm that

L. johnsonii supplementation significantly reduced the RSV-
induced pulmonary responses and that viable organisms are nec-
essary to transduce the altered responses.

L. johnsonii Supplementation Impacts GI Microbiome Composition.
To determine whether supplementation of animals with L. johnsonii
impacted the microbiome, cecal contents of animals in each
treatment group from the CRA challenge model were subjected
to microbiome profiling. Using Fast UniFrac (14) PCoA with
ordilipse to impose a 95% confidence ellipse around samples in
each treatment group demonstrated that samples clustered, irre-
spective of CRA challenge, in discrete groups based on L. johnsonii
treatment (Fig. 5A). Examination of β-diversity (based on between-
group UniFrac distances compared with the control) confirmed
that L. johnsonii-supplemented communities exhibited the greatest
phylogenetic distance from supplemented, control animals
(Fig. 5B), indicating that supplementation with this species
elicited a significant change in community phylogeny. Because
the airway protective effect observed is likely due to the combined
activities of L. johnsonii and other cecal cocolonizers, we next
identified the specific taxa enriched in these phylogenetically
distinct and protective cecal communities. Compared with the
number of taxa exhibiting significant enrichment in D dust-sup-
plemented animals, L. johnsonii-supplemented mice possessed
relatively fewer taxa significantly increased in relative abundance.
Those taxa significantly enriched in L. johnsonii-supplemented
mice included members of the Rikenellaceae II (primarily organ-
isms of GI origin), whereas unprotected animals were character-
ized by enrichment of Lachnospiraceae and Ruminococceaceae,
including Clostridium and Bacteroides species (Table S2).

Predicted Cecal Community Function Using PICRUSt. To identify
microbiome functions that characterized airway-protected animals,

Fig. 3. Supplementation of mice with L. johnsonii attenuates the de-
velopment of allergic airways disease. (A) Examination of allergen-induced
airway hyperactivity (AHR) following methacholine (250 μg/kg, i.v.) exposure
demonstrated reduced responses in L. johnsonii-supplemented animals. (B)
Th2 cytokine mRNA in the lungs (black bars) and protein expression in al-
lergen-restimulated lymph node cells (gray bars) indicated a significant at-
tenuation in L. johnsonii-supplemented mice. (C) Upon CRA exposure (black
bars), significant increases in total leukocytes, granulocytes (neutrophils and
eosinophils), and (D) in total and inflammatory (Ly6c+) DC populations were
only observed in the control but not the L. johnsonii-supplemented animals
(CRA-unexposed controls represented by white bars). (E) Histologic staining
with PAS stain revealed a distinct reduction in the inflammatory and
mucogenic responses in L. johnsonii-supplemented animals. Data represent
mean ± SE from five mice per group. *P < 0.05, **P < 0.01.

Fig. 4. Viable L. johnsonii is necessary to attenuate RSV-induced airway
responses. (A) Viable (vLj) but not heat-killed (hkLj) L. johnsonii supple-
mentation protects animals from RSV-induced airway hyperreactivity (AHR)
assessed at 8 d postinfection. (B) Histologic examination of lungs from RSV-
infected animals demonstrates reduced inflammation and PAS-stained air-
way mucus only in the treatment group who received viable organisms. (C)
RSV-restimulated lymph node cell-induced cytokine responses are signifi-
cantly lower in animals who received viable L. johnsonii supplements. (D)
Significant reductions in the number of various leukocyte subsets in the
lungs are only observed in animals who received viable L. johnsonii. Data
represent mean ± SE from five mice per group. *P < 0.05.
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we used PICRUSt to predict (based on 16S rRNA data) the met-
agenome of cecal microbiomes present in D dust or L. johnsonii-
supplemented animals. Compared with L. johnsonii-supple-
mented animals, D dust-exposed animals were enriched in
a substantially wider range of predicted KEGG pathways, in-
cluding sphingolipid, arachadonic, and carbohydrate metabolism,
among others (Fig. S7). In comparison, L. johnsonii-supplemented
animals exhibited comparatively fewer functions, although com-
mon predicted functions shared by these protected animals, in-
cluded N-glycan biosynthesis (Fig. S7), a KEGG pathway very
recently shown to be down-regulated in severe asthmatics (21).

Discussion
Humans are constantly exposed to environmental microbes, a
salient point given recent microbiome studies that have under-
scored the reliance of mammalian systems on appropriate micro-

bial colonization to support metabolic and immune homeostasis.
In Western nations, the burden of chronic inflammatory disease,
including allergic asthma, have increased dramatically over the
past several decades and humans spend ∼92% of their time
indoors (22), therefore a large portion of environmental microbial
exposure originates from the household living environment. Hence
this study was devised to test the hypothesis that distinct indoor
microbial exposures impact allergic airway disease outcomes in
mice and that outcome is predicated on GI microbiome com-
position. Moreover, the study aimed to identify key microbial
species within these complex GI consortia that are critical to
airway protection.
The importance of the GI microbiome in defining both the

local and systemic immune environment has been demonstrated
in a number of recent studies, indicating that strategies to ma-
nipulate gut microbiome membership and function may have far-
reaching implications for extraintestinal niches, such as the skin
or joints (23). In addition, several studies have demonstrated the
importance of the GI microbiome in airway response to patho-
genic agents. Ichinohe et al. (24) recently demonstrated that the
GI microbiota composition critically regulates the generation of
CD4 and CD8 T cells and antibody responses to respiratory in-
fluenza virus infection. Here, we not only demonstrate that dis-
tinct house dust exposures lead to differential airway allergic
outcomes in pre-adult mice, but that protected animals possess
a compositionally distinct cecal microbiome enriched for
L. johnsonii, which can, when provided as a single species sup-
plement, promote airway protection against allergen challenge.
What is even more compelling is that airway protection, which is
associated with significant reductions in total and activated T-cell
numbers as well as total IgE levels, also extends to respiratory
syncytial viral infection, indicating a common protective mech-
anism against distinct airway pathological agents and suggesting
that exposure to D-associated house dust may be prophylactic
particularly in the earlier phases of life as the microbiome and
the immune response are developing in parallel.
That community members beyond L. johnsonii are necessary

for full airway protection is indicated by our observation that
animals supplemented with this one species did not exhibit the
same level of airway protection compared with animals supple-
mented with D-associated house dust. Multiple phylogenetically
distinct species significantly enriched in these animals were not
enriched in L. johnsonii-supplemented animals, implicating these
species in enhanced airway protection, and indicating that GI
species that contribute to airway protection originate from en-
vironmental sources. Indeed, previous research has demonstrated
that, although oral supplementation of animals with a single
species can elicit airway protection (25, 26), several studies that
supplemented with a phylogenetically distinct multispecies con-
sortia have demonstrated improved efficacy (23, 27). As indi-
cated from our predictive metagenomic analyses, protection is
likely a combinatorial effect based on multiple pathways and
resulting microbial products encoded by these cocolonizers re-
sulting in presentation of a specific suite of microbial ligands and
a distinct profile of microbial metabolites to the innate and ac-
quired components of the host immune system.
The change in the immune environment observed in these

studies may be due directly to the specific supplemented bacte-
rial species, the ancillary species that are enriched because of
the presence of the supplemented species, or the depletion of
organisms outcompeted in this remodeled assemblage, that dif-
ferentially program host immune responses. Although the fun-
damental mechanisms that govern this phenomenon remain
unclear, the studies reported here provide proof-of-principle that
differential environmental exposures result in GI microbiome
remodeling that impacts host immune responses associated with
both allergic airway response and respiratory viral infection.
Moreover, this study identifies a single GI bacterial species,

Fig. 5. (A) L. johnsonii-supplemented animals that exhibit airway protection
exhibit altered cecal microbiome composition. Nonmetric dimensional scaling
based on a UniFrac distance matrix reveals that microbial communities of mice
supplemented with L. johnsonii are compositionally and phylogenetically distinct
from unsupplemented animals. Ellipses constructed around each treatment
group indicate the 95% confidence intervals. (B) Compared with unsup-
plemented control animals, communities supplemented with L. johnsonii or
L. johnsonii followed by CRA exposure exhibit the greatest phylogenetic
distance (*P < 0.0005, **P < 0.0001, respectively).
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L. johnsonii, that is pivotal to airway protection, and identifies
functional gene pathways in protective microbiota that may be
responsible for airway protection. These studies suggest that GI
microbiome manipulation represents a promising and efficacious
therapeutic strategy to protect individuals against both pulmo-
nary infection and allergic airway disease.

Materials and Methods
House Dust Collection. Dust from homes with or without dogs was collected
using a sterile fabric filter sock inserted into a sterile vacuum nozzle im-
mediately before vacuuming a 3′ × 3′ area for 3 min. Further details are
provided in SI Materials and Methods.

Murine Models. BALB/c mice were used for airway allergen challenge and RSV
studies; a detailed procedure is provided in SI Materials and Methods. All
mouse studies were reviewed and approved by the University of Michigan’s
University Committee on Use and Care of Animals (UCUCA).

Lung Histology, mRNA Extraction, Reverse Transcription, and RT-PCR. The left
lung was perfused with 4% (vol/vol) formaldehyde for fixation and em-
bedded in paraffin. Further details are provided in SI Materials and Methods.
mRNA was isolated from ground lung tissue using TRIzol reagent (Invi-
trogen) or the RNeasy Mini kit (Qiagen) according to manufacturer’s
instructions. Further details are provided in SI Materials and Methods.

Culture and Stimulation of Lymph Node Cells and Flow Cytometry. Mediastinal
lymph nodes were digested mechanically, using 18-gauge needles, and en-
zymatically, via incubation with 1 mg/mL Collagenase A (Roche) and DNase I
(Sigma-Aldrich) in RPMI 1640 with 10% FCS. Further details are provided in SI
Materials and Methods. Following FcR blocking, single-cell suspensions of
bronchoalveolar lavage, lung, and lymph node cells were stained with anti-
CD11c (N418), anti-Ly6C (HK1.4), anti-Ly6G (1A8; Biolegend), anti-CD11b
(M1/70), anti-CD103 (2E7) (eBioscience), and anti-MHC-II/IAb (AF6-120.1; BD
Biosciences). Inflammatory neutrophils were gated as low autofluorescent,

CD11cloCD11bhiLy6C+Ly6G+ with low forward scatter. Inflammatory mono-
cytes were analyzed as low autofluorescent, CD11cloCD11bhiLy6C+Ly6G−

cells with low forward scatter. Further details are provided in SI Materials
and Methods.

Cecal Microbiome Profiling. Dust samples were extracted using a cetyl-
trimethylammonium bromide (CTAB)-PEG protocol as previously described
(28). Briefly, 0.5 mL of modified CTAB extraction buffer [1:1 10% CTAB in
1 M NaCl to 0.5 M phosphate buffer (pH 7.5–8) in 1 M NaCl] were added to
0.2 g of dust (when available) in Lysing Matrix E tubes (MP Biomedicals),
followed by 500 μL of phenol:cholorform:isoamyl alcohol (25:24:1). Samples
were bead-beaten using MPBio FastPrep-24 at 5.5 m/s for 30 s before cen-
trifugation for 5 min at 16,000 × g at 4 °C. Further details of this procedure
are provided in SI Materials and Methods.

L. johnsonii Quantification, Isolation, Identification, and Supplement Generation.
Q-PCR was used to validate L. johnsonii relative abundance reported by the
array using the QuantiTect SYBR Green PCR kit per the manufacturer’s
instructions (Qiagen) and the L. johnsonii-specific primer pair Lj1 and La2
(29). Further details are provided in SI Materials and Methods. Details of
L. johnsonii isolation and identification as well as how the strain was prepared
for oral supplementation studies are provided in SI Materials and Methods.

Statistical Analyses. As an exploratory tool to examine community compo-
sition dissimilarity, NMDS or PCoA was performed, based on Canberra (30) or
UniFrac (14) distance matrices, respectively. PhyloChip fluorescence inten-
sities, normalized to quantitative standards, were log2 × 1,000 transformed
before analyses. Further details of ecological and traditional statistical ap-
proaches used to analyze the datasets reported in this study are provided in
SI Materials and Methods.
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