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Regulation of respiratory mucosal immunity by microbial-derived metabolites has been a proposed mechanism that

may provide airway protection. Here we examine the effect of oral Lactobacillus johnsonii supplementation on metabolic

and immune response dynamics during respiratory syncytial virus (RSV) infection. L. johnsonii supplementation reduced

airway T helper type 2 cytokines and dendritic cell (DC) function, increased regulatory Tcells, and was associated with a

reprogrammed circulating metabolic environment, including docosahexanoic acid (DHA) enrichment. RSV-infected

bone marrow–derived DCs (BMDCs) from L. johnsonii–supplemented mice had altered cytokine secretion, reduced

expression of co-stimulatory molecules, and modified CD4þ T-cell cytokines. This was replicated upon co-incubation

of wild-type BMDCs with either plasma from L. johnsonii–supplemented mice or DHA. Finally, airway transfer of BMDCs

from L. johnsonii–supplemented mice or with wild-type derived BMDCs pretreated with plasma from L. johnsonii–

supplemented mice reduced airway pathological responses to infection in recipient animals. Thus L. johnsonii

supplementation mediates airway mucosal protection via immunomodulatory metabolites and altered immune

function.

INTRODUCTION

Respiratory syncytial virus (RSV) infection is the leading cause
of childhood hospitalization and increases the risk for
developing childhood asthma and recurrent wheezing.1,2

Factors associated with increased susceptibility to airway
inflammation in childhood includes broad-spectrum oral
antibiotic use during the first year of life,3–5 known to perturb
the gut microbiome.6 In neonates, reduced fecal Bifidobacter-
ium and Lactobacillus burden and increased Escherichia and
Clostridium cell counts are associated with childhood allergic
sensitization.7,8 These and other observations support the
concept that airway immune status is impacted by the
composition and activities of the gastrointestinal microbiome,9

although studies of the protective effect of oral Lactobacillus
supplementation on allergic outcomes are inconsistent.9–13

Little is known about the mechanisms associated with the gut
microbiome–associated protection from allergic diseases.

Previous studies from our group have shown that oral
supplementation of mice with Lactobacillus johnsonii resulted
in significantly reduced airway allergic sensitization and RSV-
induced pulmonary immunopathology.10 The gut microbiota
was significantly altered in these animals, but L. johnsonii was
not detected in their airways, with only viable L. johnsonii able
to confer protection.10 Other studies have demonstrated that
gut microbiome–derived short-chain fatty acids (SCFAs),
specifically propionate, are associated with airway protection
against allergen challenge and influence hematopoiesis.11 The
metabolic potential of the gut microbiome is substantial and
extends beyond fatty acid production. Hence, we hypothesized
that gastrointestinal L. johnsonii elicits airway protection
against RSV infection through programmed changes in the
circulating metabolic environment, which concurrently
impacts both airway mucosal responses and bone marrow–
derived immune precursor cell populations.
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The findings of our present study extend the evidence for an
overall change in immune phenotype that results from gut
microbiome manipulation that indicates that L. johnsonii
supplementation leads to broad-scale lipid, carbohydrate, and
amino-acid metabolic reprogramming prior to and during
pulmonary RSV infection that underpins the associated
protective immune responses.

RESULTS

Alteration of immune responses in L. johnsonii–
supplemented mice

Previously we have demonstrated that oral supplementation
with L. johnsonii, isolated from the murine cecum, protects
mice against both airway allergen challenge and RSV infec-
tion.10 To examine the primary mechanisms associated with the
L. johnsonii–modified immune responses, we examined
immune status prior to and during the early stages of RSV
infection. Mice were orally supplemented daily by gavage with
L. johnsonii (1� 107 colony-forming units (CFU) per mouse
per day) for 7 days and infected with RSV 1 day after the final
supplementation (on day 8). The responses were assessed at day
2, 4, and 8 of infection to identify early changes in the immune
responses (Supplementary Figure S1A online). Lung-draining
lymph nodes (LDLNs) were isolated from L. johnsonii– and
phosphate-buffered saline (PBS)-supplemented animals, from
which single-cell suspensions were prepared and rechallenged
with RSV in vitro, and supernatants were collected after 48 h
and examined for cytokine production (Figure 1a). The
expression of RSV-induced T-cell-associated cytokine
interleukin (IL)-17 was first evident as early as 2 days in
both PBS– and L. johnsonii–supplemented animals. At 4 days
of infection, IL-4, IL-5, IL-13, and interferon-g (IFNg), were
expressed; however, LDLN cells from L. johnsonii–
supplemented mice had significant reductions in the T
helper type 2 (Th2) cytokines, IL-4, IL-5, and IL-13. The
production of IFNg or IL-17 was not significantly altered at
either time point. Consistent with previous observations,10 the
rechallenged LNs from day 8 of infection also displayed
significant reductions in the Th2 cytokines in L. johnsonii–
treated mice (Supplementary Figure S2). Next, viral clearance
was examined in supplemented mice at days 2, 4, and 8 after
infection with a significant reduction at days 4 and 8 in
L. johnsonii–supplemented mice (Figure 1b). RSV F and N
protein mRNA was also altered (Supplementary Figure S3A),
together demonstrating increased viral clearance. Recently,
group 2 innate lymphoid cells have been suggested to have a
role in RSV immunopathology.12,13 We did not observe
differences in the population of group 2 innate lymphoid
cells in the lung of the mice that were L. johnsonni
supplemented (Supplementary Figure S3B).

We have also been interested in whether the lung epithelial
cells were impacted by a protective gut microbiome. To this
end, we isolated airway epithelial cells, as previously
described,14 from animals that had been supplemented with
PBS or L. johnsonii prior to RSV infection. Subsequently, the
isolated airway epithelial cells were infected with RSV in vitro

(multiplicity of infection (MOI) of 1.0) for 24 h. Isolated mRNA
analysis demonstrated no alteration of epithelial-derived
cytokine production, including IL-1b, IFNb, C-C motif
chemokine ligand 5, or IL-33 (Figure 1c). Thus,
L. johnsonii supplementation did not result in epithelial cell
responsiveness to RSV using this ex vivo analysis.

Several studies have suggested that the host microbiome can
alter the development of immune responses through the
generation of regulatory T (Treg) cells.11,15 Treg cell numbers
were enumerated following 7 days of L. johnsonii or PBS
supplementation prior to exposure to RSV. A significant
increase in Treg cell numbers, assessed by flow cytometric
staining of FoxP3, was observed in L. johnsonii–supplemented
animals compared with PBS-supplemented mice at the mucosal
tissue sites studied, colon and lung (Figure 1d), but not in
mesenteric LNs and Peyer’s patches (Figure 1d). Overall, there
appear to be significant alterations in the L. johnsonii–
supplemented animals related to mucosal tissue Treg cell
numbers prior to infection that could impact the generation of
pathogenic Th2 cytokine responses during infection.

Bone marrow–derived dendritic cells (BMDCs) from
L. johnsonii–supplemented mice have altered innate
cytokines and antigen-presenting cell function

The above studies further support that oral supplementation
with L. johnsonii can alter systemic immune cell responses. As
the pulmonary DC numbers were significantly reduced during
RSV infection in L. johnsonii–supplemented mice10 and
because DC have a primary effect on the local immune
response, we matured BMDCs from L. johnsonii– or PBS-
supplemented animals. BMDCs were activated by RSV
infection (MOI of 1.0) for 24 h and isolated mRNA from
BMDCs cultured from L. johnsonii–supplemented mice
demonstrated decreased production of innate cytokines,
IL-6, IL-1b, and tumor necrosis factor-a, and an increase in
IFNb mRNA expression compared with BMDCs grown from
PBS-supplemented animals (Figure 2a). When maturation
markers, major histocompatibility complex (MHC) class II,
CD80, and CD86, were examined, there was a significant
decrease in their expression in BMDCs infected with RSV from
L. johnsonii– vs. PBS-supplemented animals (Figure 2b). In
addition, when BMDCs from the L. johnsonii–supple-
mented mice were stimulated with Toll-like receptor (TLR)
ligands, lipopolysaccharide and CpG, they also demonstrated a
reduced co-stimulatory molecule expression (Supplem-
entary Figure S5). Together these data suggest L. johnsonii
supplementation results in an overall decrease in the activation
potential that reflects an impact on the bone marrow of
supplemented mice. We also analyzed relative ratios of bone
marrow progenitor populations in mice that were
supplemented prior to and after 2 days of RSV infection.
We observed a decrease in only megakaryocyte progenitors in
L.Johnsonii-supplemented mice prior to infection but not
during RSV infection (Supplementary Figure S4).

Next, BMDCs from the supplemented mice were used to
determine whether they differentially altered T-cell-associated
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cytokine production. BMDCs from supplemented mice were
infected with RSV overnight, washed, and combined with
isolated CD4þ T cells from LDLNs of 8-day RSV-infected,
unsupplemented mice. When BMDCs grown from L. johnso-
nii–supplemented mice were used to restimulate the RSV-
responsive T cells for 48 h, a significant reduction in IL-4 and a
significant increase in IFNg was observed, while IL-13
production was not significantly altered (Figure 2c). These
data indicate that significant changes in the innate immune
response appear to be manifested in bone marrow progenitor
cell populations and alter RSV-induced T-cell activation.

Systemic metabolic changes are associated with
L. johnsonii oral supplementation

The mechanism(s) of gut microbiome–induced airway protec-
tion is presently not clear. Recent studies have begun to outline
how the gut microbiome influences available nutrients and
metabolites for host utilization, potentially providing an
immune altering environment.16,17 To examine whether
supplementation with L. johnsonii for 7 days influences the
peripheral metabolite profile, plasma metabolites were exam-
ined prior to and following RSV infection. Using 5 mice per
group in two independent experiments (for a total n¼ 10 per

Figure 1 Lactobacillus johnsonii-supplemented mice have altered immune responses. Eight-week-old Balb/c/J mice were supplemented with
L. johnsonii (1�107 colony-forming units (CFU) per day) or phosphate-buffered saline (PBS) daily for 7 days followed by respiratory syncytial virus (RSV)
infection the following day (3� 105 plaque-forming units per mouse) by intratracheal instillation. (a) Lung-draining lymph nodes were isolated from the
infected mice on day 2 or 4 following RSV infection and single-cell suspensions were restimulated with RSV for 48 h and cytokines were assessed. (b)
Gene expression of RSV G protein was assessed from the harvested lungs from infected mice (days 2, 4, and 8 after RSV infection) by reverse
transcriptase–PCR and assessed as a ratio of RSV G to GAPDH (glyceraldehyde 3-phosphate dehydrogenase) to standardize the results. (c) Single-cell
suspensions of enzymatically dispersed lungs were used to grow airway epithelial cells (AECs) in single-cell suspensions and were subsequently infected
with RSV for 24 h (multiplicity of infection 1.0) on near confluent cultures. (d) L. johnsonii–supplemented mice have increased regulatory T cells (Treg)
prior to challenge with RSV. Eight-week-old mice were supplemented with L. johnsonii (1�107 CFU per day) or PBS daily for 7 days. Lung, mesenteric
lymph nodes (MLN), Peyer’s patch, and colons were isolated, dispersed, and assessed for numbers of Treg cells by flow cytometry by identifying those
CD4þ cells that also express the Foxp3 protein as the indicative transcription factor for Treg cells. Data represent the mean±s.e. from 4 to 5 mice in each
group (experimental repeats 3–4). *Po0.05. CCL, C-C motif chemokine ligand; IFN, interferon; IL, interleukin.
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group), we profiled the plasma metabolites (4400 metabolites)
present on day 8 at the end of the supplementation period prior
to RSV infection by liquid chromatography/mass spectrometry.
Overall, relatively few (n¼ 56) metabolites were significantly
altered at baseline prior to RSV infection (Supplementary
Table S1). However, an immunomodulatory omega-3
polyunsaturated fatty acid (o-3 PUFA), docosahexaeneoate
(DHA),18,19 and related metabolite 1-docosahexaenoylglycer-
ophosphocholine (AcedoPC) were significantly increased
in the plasma of L. johnsonii–supplemented animals
(Supplementary Table S1). Another notable metabolite,
2-hydroxyisobutyrate, a byproduct of cystathionine incorpor-
ation into glutathione,20 was also among the metabolites
enriched in the plasma of L. johnsonii–supplemented animals
(Supplementary Table S1). Thus the baseline changes
observed in the supplemented animals displayed differences
in a discrete spectrum of anti-inflammatory metabolites.

To further understand whether the L. johnsonii– vs. control-
supplemented mice displayed differences in metabolite
dynamics during the early phases of RSV infection, plasma
from mice at day 2 after infection with RSV was subjected to
liquid chromatography/mass spectrometry and compared with
the related uninfected plasma profiles from each group at day 0.
L. johnsonii–supplemented animals exhibited substantial
metabolic reprogramming in response to RSV infection,

involving significant increases in a broad range of lipid-,
bile-, amino-acid, and peptide-derived metabolites (Figure 3a,
Supplementary Table S2). We identified lipids that are known
to be able to modify the immune response, especially increases
in PUFA/DHA concentrations over baseline. In comparison,
PBS-supplemented animals exhibited a less substantial and
different metabolic response to RSV infection, characterized by
decreased concentrations of metabolites compared with
baseline (Figure 3b, Supplementary Table S3). Thus, at
day 2, a time when the innate immune response is most active
and early activation events shape the adaptive immune
responses, L. johnsonii–supplemented animals exhibit a
rapidly altered metabolic environment in response to viral
pathogen infection.

The x-3 PUFA, DHA, alters DC function upon RSV infection

In our metabolic analyses, we identified several metabolites
altered in the L. johnsonii plasma samples, and two of those were
metabolites significantly increased: DHA and AcedoPC (related
to DHA) discriminated L. johnsonii from PBS-supplemented
animals. DHA has been previously described as immune-
modulatory molecule.21–23 To further investigate whether these
metabolites could facilitate the altered DC activation in response
to RSV, we co-incubated RSV-infected BMDCs with DHA. We
utilized as a control a SCFA metabolite, butyrate, which has been

Figure 2 Bone marrow–derived dendritic cells (BMDCs) from Lactobacillus johnsonii-supplemented mice have altered inflammatory and costimulatory
activity to promote a modulated T-cell activation profile. BMDCs were grown from femurs of animals supplemented daily with L. johnsonii (1� 107 colony-
forming units or phosphate-buffered saline (PBS) by oral gavage for 7 days. BMDCs were infected with respiratory syncytial virus (RSV) (multiplicity of
infection of 1.0) and 24 h later examined for (a) mRNA expression of innate cytokines, (b) upregulation of major histocompatibility complex (MHC) II and
co-stimulatory marker expression by flow cytometry (MFI¼mean fluorescence intensity), and (c) for their ability to activate T cells from lung-draining
lymph nodes of 8-day RSV-infected wild-type mice for production of cytokines after 48 h. Data represent mean±s.e. from 3 mice with 3–4 repeats.
*Po0.05. ***Po0.001. IFN, interferon; IL, interleukin; TNF, tumor necrosis factor.
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Figure 3 Metabolites significantly enriched (red) or decreased (blue) in the serum of mice supplemented with (a) Lactobacillus johnsonii or (b)
phosphate-buffered saline (PBS) at day 2 after respiratory syncytial virus (RSV) infection compared with baseline levels prior to infection. Data are
generated by liquid chromatography/mass spectrometry and represent significance (Welch’s t-test; Po0.05) between the groups (n¼5 mice per
treatment group).
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shown incapable of inducing protective hematopoietic cell
phenotypes during allergic sensitization.11 The addition of DHA
significantly reduced RSV-induced inflammatory cytokine
production, tumor necrosis factor, IL-1, and IL-6 by BMDCs,
while butyrate did not (Figure 4a). In addition, when we
examined IFNb, an important antiviral cytokine and Th1
immune mediator, we observed that, while DHA did not affect
IFNb, butyrate significantly reduced its expression (Figure 4a).
We next co-incubated BMDCs with DHA for 16 h prior to
infection with RSV and examined the activation marker
expression by flow cytometry. The data in Figure 4b show
that DHA significantly reduced the ability of BMDCs to
upregulate MHC class II and CD86 in response to RSV as
well as baseline expression of MHCII (SF6), which could have a
primary effect during RSV infection.

To examine whether DHA could inhibit BMDC ability to
drive T-cell activation, CD4þ T cells isolated from LDLNs of
unsupplemented, RSV-infected mice at day 8 after infection were
incubated for 48 h with the DHA-treated, RSV-infected BMDCs.
Data presented in Figure 4c demonstrate a significant reduction
in the RSV-induced cytokines IL-4, IL-5, IL-13, and IFNg,
compared with the vehicle control. These data indicate that DHA
represents at least one of the enriched metabolites after oral
supplementation with L. johnsonii that can mediate modified
BMDCs and in turn alter T-cell function to RSV infection. We

suggest that DHA, together with other metabolites modified in
the L. johnsonii–supplemented mice, could alter DCs and other
immune cells upon RSV infection.

Plasma from L. johnsonii–supplemented mice alter BMDC
activation and function

The above data indicated that the protective effect of L. johnsonii
supplementation on the immune response is a systemic effect that
influences DC function and is associated with an altered
circulating metabolic profile. Hence, we reasoned that the
observed phenotypic changes in BMDCs are mediated via
immunomodulatory metabolites enriched in the circulation of
L. johnsonii–supplemented animals. To test this possibility,
BMDCs differentiated from unsupplemented and uninfected
mice were incubated with plasma (2% in culture media) from
L. johnsonii– or PBS-supplemented animals and infected with
RSV in vitro. When the cytokines from the plasma-treated
BMDCs were examined after RSV infection, a significant decrease
in IL-6, IL-1b, and tumor necrosis factor-aprotein and an increase
in type I IFN (IFN-b) was observed in the DC-treated with plasma
from L. johnsonii–supplemented animals (Figure 5a). Similar to
the BMDCs grown from the supplemented animals pre-RSV
infection, RSV-infected BMDCs treated with plasma from
L. johnsonii–supplemented animals exhibited significantly
decreased the expression of the co-stimulatory molecules

Figure 4 Respiratory syncytial virus (RSV)-induced activation of bone marrow–derived dendritic cells (BMDCs) is inhibited by docosahexanoic acid
(DHA) and alters their ability to activate RSV-responsive T cells. (a) BMDCs grown from naive wild-type mice treated with either DHA (50 mM) or butyrate
(1 mM) for 16 h prior to infection with RSV (multiplicity of infection of 1.0). After 24 h, supernatants were assessed for innate cytokine levels. (b) DHA
(50 mM) treatment of RSV-infected BMDCs were assessed by flow cytometry for the expression of activation/co-stimulatory protein expression. (c) RSV-
infected BMDCs with or without DHA (50 mM) treatment were combined with CD4 T cells isolated from the lung-draining lymph nodes of 8-day RSV-
infected mice. After 48 h of activation, the supernatants were assessed for T-cell-associated cytokine levels to determine the capacity of the DC for
antigen-presenting cell function. Data represent mean±s.e. from three repeats. *Po0.05, **Po0.01, ***Po0.001. IFN, interferon; IL, interleukin; MFI,
mean fluorescence intensity; MHC, major histocompatibility complex; TNF, tumor necrosis factor.
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MHC class II, CD80þ , and CD86þ , compared with BMDCs
treated with plasma from PBS-supplemented animals (Figure 5b).
No differences were detected at baseline (SF6B). In addition, using
other TLR ligands, lipopolysaccharide and CpG, stimulated
BMDCs from L. johnsonii–supplemented mice also demonstrated
a decreased MHC class II and CD80 expression (Supplementary
Figure S3B). Using BMDCs incubated with plasma from
L. johnsonii–supplemented animals for co-stimulation of isola-
ted CD4þ T cells from LDLN cells of 8-day infected unsupp-
lemented mice resulted in a significant decrease in the production
of IL-4, IL-5, and IL-13 when compared with BMDCs treated with
plasma from PBS-supplemented mice (Figure 5c). Thus, similar
to DCs grown from the bone marrow of L. johnsonii–supple-
mented mice, plasma from these animals altered the wild-type
BMDC’s ability to be activated in response to RSV and their ability
to co-activate T cells for Th2 cytokine production. Together, these
data suggest that plasma from L. johnsonii–supplemented animals
contain mediators that alter DC function leading to immune
modulation in response to RSV infection.

BMDCs from L. johnsonii–supplemented animals modulate
pulmonary sensitization responses in vivo

We have previously demonstrated that, when we sensitize mice
with RSV-infected DCs into the airway followed by a RSV

infection challenge 7 days later, an enhanced pathological
response occurs, including increased mucus, enhanced Th2-
and Th17-mediated cytokines, and worse inflammation.24–26

We have previously demonstrated that RSV-infected carboxy-
fluorescein succinimidyl ester–labeled DCs migrate to the LNs,
and as the BMDCs do not propagate RSV, no infection of the
lungs occurs by the DC transfer.25 Thus observed changes upon
RSV challenge is due to an inappropriate immune response,24,25

allowing comparison studies to explore differences in DC
phenotype. Using the above protocol (outlined in
Supplementary Figure S1B), BMDCs from animals
supplemented with L. johnsonii were transferred into the
naive mice lungs. This resulted in a significant decrease in
pathogenic responses, inflammation, and mucus (periodic
acid–Schiff) staining, compared with BMDCs from PBS-
treated animals (Figure 6a). These responses were
accompanied by decreased expression of mucus associated
genes, mclca3 (gob5) and muc5ac, within the lungs in mice
sensitized with BMDCs from L. johnsonii–supplemented
animals compared with PBS-supplemented animals
(Figure 6b). Furthermore, in a separate study when LDLNs
were restimulated by RSV ex vivo, there was a significant
decrease in IL-13, IL-17, and IFN (Figure 6c), reflecting
decreased histopathology and mucus hypersecretion.

Figure 5 Plasma from Lactobacillus johnsonii-supplemented animals significantly alter the bone marrow–derived dendritic cell (BMDC) function
compared with plasma from unsupplemented animals. Plasma was isolated from 2-day respiratory syncytial virus (RSV)-infected animals with or without
a 7-day L. johnsonii supplementation prior to infection. (a) RSV-infected BMDC from wild-type mice preincubated with plasma for 16 h and characterized
for co-stimulatory molecule expression by flow cytometry after 24 h. Mean fluorescent intensity (MFI) indicates the expression level of each molecule. (b)
RSV-infected BMDC incubated with plasma (2%) from animals with or without L. johnsonii supplementation were combined with CD4 T cells isolated from
the lung-draining lymph nodes of 8-day RSV-infected mice. After 48 h of activation, the supernatants were assessed for T-cell-associated cytokine levels
to determine the capacity of the DC for antigen-presenting cell function. (c) Innate cytokine levels from RSV-infected BMDC incubated with plasma (2%)
from animals with or without L. johnsonii supplementation measured after 24 h of infection. Data represent mean±s.e. from three repeats. *Po0.05,
**Po0.01, ***Po0.005. IFN, interferon; IL, interleukin; MHC, major histocompatibility complex; PBS, phosphate-buffered saline; TNF, tumor necrosis
factor.
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Figure 6 Adoptive transfer of bone marrow–derived dendritic cells (BMDCs) from Lactobacillus johnsonii-supplemented mice or those treated with
plasma from supplemented animals have reduced respiratory syncytial virus (RSV)-induced pathology and altered immune responses. RSV-infected
BMDCs grown from L. johnsonii–supplemented mice were transferred into the airways of naive mice followed by RSV infection 7 days later. After an
additional 8 days of infection, the lungs were harvested for histological (a) and PCR (b) analysis. (c) In a separate study using the same protocols, lung-
draining lymph nodes (LDLNs) were restimulated by RSV for 48 h for cytokine analysis. In a second set of studies, BMDCs from wild-type (wt) mice were
treated with plasma from phosphate-buffered saline (PBS) or L. johnsonii–supplemented mice and infected with RSV, followed by instillation into the
airways of naive mice 24 h later. Seven days later, the animals were infected with RSV and harvested 8 days later, similar to the experiment in a. (d) The
histologicaal assessment demonstrated reduced inflammation and mucus staining by periodic acid–Schiff. (e) The mRNA expression of muc5ac and
clca3 (gob5) was assessed by quantitative PCR. (f) In a separate study, RSV-restimulated LDLN supernatants were assessed by bioplex analysis after
48 h of culture. Data represent mean±s.e. from five mice per group. *Po0.05. ***Po0.001. IFN, interferon; IL, interleukin.
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As we were able to recapitulate the BMDC-altered phenotype
with plasma from L. johnsonii–supplemented mice in vitro, we
also compared BMDCs incubated with plasma from
L. johnsonii– or PBS-supplemented animals that were then
infected with RSV and instilled into the airways in a similar
manner (Supplementary Figure S1B). These data showed a
comparable phenotype as those BMDCs from the L. johnsonii–
supplemented animals. That is, a decrease in inflammation and
mucus in mice sensitized with BMDCs incubated with plasma
from L. johnsonii–supplemented animals compared with PBS-
supplemented animals was detected by histology (Figure 6d).
There was also a decrease in the mucus-associated genes mclca3
(gob5) and muc5ac, although only muc5ac reached significance
(Figure 6e). The reduction in the cytokines in the L. johnsonii
plasma group was significant with IL-4, IL-13, and IFN
(Figure 6f), again supporting the pathological responses.
Altogether, these experiments indicate that supplementation
with L. johnsonii alters the metabolic profile of plasma and has
an immune-modulating effect on DC function that extends to
progenitor cell populations in the bone marrow.

DISCUSSION

The present study describes significant systemic metabolic
reprogramming initiated by oral supplementation of a single
gut bacterial species, L. johnsonii, which coincided with
protection against RSV-induced immunopathology. Our pre-
vious investigations have demonstrated correlations with
microbial exposures in infants during early life in house dust
related to indoor/outdoor pet ownership and development of
childhood atopy27–30 and that dust from homes with pets
attenuates development of allergic disease in mice.10

L. johnsonii, isolated from the cecum of the latter mice,
protected against both allergen- and RSV-induced pulmonary
disease when used as a gastrointestinal supplement.10 Although
the reduction in immunopathology corresponded to the
increased RSV clearance, the L. johnsonii supplementation
facilitated significant changes to the T-cell activation in the LNs
that we have shown to represent lung immune responses in this
model.10 In the present studies, significantly enriched meta-
bolites in the L. johnsonii–supplemented mice during RSV
infection included a range of amino acid, lysolipids, purine,
inositol, sterol, and bile metabolites. A profound difference was
also observed in concentrations of fatty acids with known
immunomodulatory effects, such as the anti-inflammatory o-3
PUFA, eicosapentaenoate (20:5n3), docosapentaenoate
(22:5n6) and DHA (22:6n3). L. johnsonii does not biosynthe-
size many of these lipid metabolites, suggesting that microbial
species co-enriched with L. johnsonii are necessary for this
protective effect. Indeed, our previous studies indicated that
L. johnsonii supplementation promoted the expansion of other
bacteria with the predicted genetic capacity to synthesize many
of the metabolites that were enriched in this study.10

Additionally, increases in a broad range of microbial- and/
or mammalian-derived lipids, amino acids, and peptides with
immunomodulatory potential support the growing concept
that metabolic signaling may represent an important

mechanism by which the microbiome and host interact.31

Because supplementation of the gastrointestinal tract with
L. johnsonii leads to significantly decreased airway disease,
these findings strengthen recent evidence in the field that the
gut microbiome influences immune responses that extends
beyond the gastrointestinal tract.11,15,32,33

Recent data have begun to build mechanistic evidence
suggesting how the gut microbiome may regulate inflammation
and immune responses. A link between diet and microbiome
for regulation of immune responses has been established with
dietary fiber and Clostridium species leading to SCFA
production and development of Treg cells.34–37 Seminal studies
examining the function of SCFA produced by Clostridium
species demonstrated their role for inducing Treg cells
protecting mice from colitis and reducing immunoglobulin
E–mediated responses.38–42 These latter results were largely
recapitulated using supplementation with the specific
SCFA.43,44 In addition, SCFA as well as o-3 PUFA directly
impact adhesion molecule expression and inflammatory
cytokine production by altering inflammasome activation
via inhibition of NALP345–48 and nuclear factor-kB activation
pathways.49,50 In the present studies, mucosal Treg cell
numbers were increased prior to RSV infection in the
L. johnsonii–supplemented mice and may provide a basis
for a regulated environment to alter the intensity of the immune
responses during RSV infection. Treg cell functional alteration
has been identified with probiotic supplementation38,39,51 and
is important for regulation of the immunopathology during
RSV infection.52,53 Our studies demonstrated that BMDCs
from L. johnsonii–supplemented mice had an altered innate
immune profile upon RSV challenge suggesting that the
modified response was imprinted in progenitor cell popula-
tions. We observed little change in progenitor cell percentages
in L. johnsonii–supplemented mice prior to infection, even
though the response of BMDCs to RSV infection and TLR
stimulation was altered. DCs are also able to maintain and
establish immunological tolerance.54 Thus the capacity of
microbial metabolites to modify progenitor cell populations
may facilitate the generation of Treg cells in mucosal tissue.

The concept that L. johnsonii supplementation generated a
systemic effect was supported using plasma from supplemented
mice on unaltered BMDCs to recapitulate the responses in
BMDCs from L. johnsonii–supplemented mice. Although
BMDCs may not fully represent tissue DC populations as
some are CD11cþ macrophages,55 the responses elicited
in vitro and in vivo by BMDCs from supplemented animals
reflected the responses observed in whole animals. Numerous
publications have suggested that Lactobacillus supplementa-
tion may impact DCs directly,51,56–63 while others demon-
strated that o-3 PUFA has a direct and lasting effect on DC
function.18,64 This latter immune effect was exhibited in the DC
transfer experiments using BMDCs grown from supplemented
mice or DCs treated with plasma from supplemented mice to
alter the RSV challenge response with reduced pathology and
mucus hypersecretion. The data indicate that alteration of
immune responses is dependent on the L. johnsonii
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supplementation and contained within the plasma. Thus we
hypothesize that the modified metabolite profile that accom-
panied L. johnsonii supplementation had a systemic effect
altering bone marrow progenitors leading to changes in
multiple immune cell populations.

G protein-coupled receptors (GPCRs) have been identified
that mediate the immune response changes to lipids, including
GPR41, GPR43, and GPR109A, that bind SCFAs as well as
GPR120 and peroxisome proliferator-activated receptor-g
(PPARg) that bind o-3 fatty acids.65,66 These receptors are
found on immune cells as well as colonic epithelial cells and
implicated in regulation of inflammatory cell activity, Treg cell
development, and maintenance of epithelial barrier function.67

One of the metabolite classes that were increased after
supplementation with L. johnsonii was the o-3 fatty acid
family that bind PPARg and GPR120 and have been implicated
as protective metabolites for asthma and inflammatory bowel
disease, as well as cardiovascular disease. Although GPR120
and PPARg signal pathways induced by the o-3 FA have been
directly shown to influence immune cell reactivity, other o-3
FA breakdown products, including the resolvins, maresins,
protectins, prostaglandins, and so on, appear to be more potent
anti-inflammatory mediators.68,69 These latter compounds
have their own set of G protein-coupled receptors, including
ChemR23, BLT, ALX/FPR2, and GPR, that have the ability to
reduce the intensity of the immune responses in disease models.
It is likely the combination of metabolites identified in
supplemented animals that contribute to a balanced and
appropriate immune response.

Altogether, these studies outline a potential mechanism for
immune alteration by manipulating the microbiome and
facilitating the availability of a complex and broad profile
of microbial- and mammalian-derived immunomodulatory
metabolites. These findings expand our perspective by
describing the diversity of metabolic reprogramming with
supplementation of a single gut species that collectively may
have a significant immunomodulatory role by influencing DCs
and T-cell function. Further investigations should aim at
deciphering this complexity in RSV infection and other
inflammatory diseases toward developing microbial- and
metabolite-based therapies.

METHODS

Generation of L. johnsonii supplements for murine studies.
Supplements were generated using MRS broth inoculated with
L. johnsonii from a glycerol stock prior to static overnight culture at
37 1C. Stationary phase cells (OD600¼ 0.89) were centrifuged at
4,000 r.p.m. for 15 min at 4 1C and resuspended in 60 ml of a 50:50
solution of MRS broth:50% glycerol. Batches of 500 ml were snap frozen
in liquid nitrogen and stored at � 80 1C until used in murine studies.
Viable cell count of the glycerol stock was 2.7� 108 CFU per vial. For
murine studies, tubes were defrosted on ice, centrifuged at
14,000 r.p.m. for at 4 1C, and washed twice in sterile saline to remove
glycerol. The cells were resuspended in 700 ml of sterile saline. Each
mouse received 100ml (1� 107 CFU) of resuspended L. johnsonii.
The remaining suspension was plated to confirm that viable
L. johnsonii cell counts were stable.

Airway epithelial cell culture. Airway epithelial cell cultures were
prepared from the lungs of PBS or L. johnsonii–supplemented mice
prior to RSV infection by digestion with Dispase (BD Biosciences,
San Jose, CA). Dispersed lungs were filtered through 25-mm nylon mesh.
Immune cells were depleted using biotinylated anti-CD45 antibodies
and streptavidin-conjugated Dynabeads (Thermo Fisher Scientific,
Waltham, MA). Cells were plated on 10-cm tissue culture dishes and
adherence-purified in Dulbecco’s modified Eagle’s medium–based
complete media, followed by 4-day culture in fibronectin-coated wells.

Respiratory syncytial virus. Our laboratory utilizes antigenic sub-
group A, Line 19 RSV, originally obtained from a sick infant at the
University of Michigan. This isolate has been shown in animal models to
mimic human infection by eliciting airway mucus production upon
intratracheal inoculation with 1� 105 plaque-forming units RSV.
Animals were infected after 7 days of supplementation with L. johnsonii
(1� 107 CFU per mouse per day) or PBS as described above.

Culture and stimulation of LN cells. Mediastinal LNs were dispersed
using 18-gauge needles and enzymatically, via incubation with
1 mg ml� 1 Collagenase A (Roche, Indianapolis, IN) and DNase I
(Sigma-Aldrich, St Louis, MO) in RPMI 1640 with 10% fetal calf serum.
Following red blood cell lysis, cells were passed through a 40-mm strainer
and counted with a Z2 Beckman Coulter particle counter (Indianapolis,
IN). Suspensions of total LN cells were cultured in complete medium and
restimulated with RSV (MOI 1.0) for 48 h. Levels of T helper cytokines,
IL-4, IL-5, IL-13, IFNg, and IL-17, were determined in culture
supernatants using a Bio-Plex assay (Bio-Rad, Hercules, CA).

Quantitative reverse transcriptase–PCR. RNA was isolated from cell
cultures and lung tissue using TRIzol, according to manufacturer’s
instructions (Invitrogen, Carlsbad, CA). RNA (5mg) was then reverse-
transcribed to determine cytokine gene expression using predeveloped
TaqMan Gene Expression Assay primer/probe sets and analyzed using
an ABI Prism 7500 Sequence Detection System (Applied Biosystems,
Foster City, CA). Transcription levels of Muc5ac, Gob5 (day 8 after
infection) and RSV-G, -F, and -N proteins (days 2, 4, and 8 after
infection) were assessed using custom primers as previously described.10

Gene expression of Muc5ac and Gob5 was normalized using glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) expression as an
internal control, and fold change values were calculated relative to an
uninfected or wild-type control group assigned an arbitrary value of 1.
The viral protein mRNA expression is presented relative to a control
gene GAPDH as a ratio of RSV G protein expression/GAPDH.

Cytokineassay. Cytokines from supernatants of in vitro culture assays
were measured using BioPlex System and Suspension Array Tech-
nology (Bio-Rad).

DC isolation and T-cell culture. BMDCs were cultured in complete
media from whole bone marrow in the presence of 20 ng ml� 1

granulocyte macrophages colony-stimulating factor (R&D Systems,
Minneapolis, MN) for 10 days when B95% of the cells are CD11cþ
myeloid cells. DCs were used for RSV infection at an MOI of 1.0 in 24-
well tissue culture dishes and harvested as described in the Results
section. In some experiments, BMDCs were incubated 16 h with DHA
(50 mM) or butyrate (1 mM), concentrations previously described to alter
cellular function.70,71

For DC–T-cell co-culture experiments, RSV-responsive CD4þ T
cells were obtained from mediastinal LNs of RSV-infected mice,
8 days postinfection. Cells were purified using a magnetic column
negative-selection protocol to isolate CD4þ T cells (Miltenyi
Biotec, Cambridge, MA; 498% pure). For RSV-reactive T-cell co-
cultures, DCs were infected with an MOI of 1.0 RSV for 2 h. DCs were
washed and placed into culture with isolated T cells from LDLNs of
RSV-infected mice at a 1:10 ratio of DCs to T cells. Culture
supernatants were harvested at 48 h after co-culture and analyzed
using a custom Bio-Rad Bioplex.
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Plasma incubation of DCs. Plasma from 7-day L. johnsonii–sup-
plemented or unsupplemented mice was harvested and frozen in
aliquots at � 80 1F. After growing BMDCs from wild-type unsup-
plemented mice for 10 days, 2% plasma was used to incubate BMDCs
16 h prior to infection with RSV (MOI 1.0). In the DC studies, the cells
and/or supernatant were harvested at the indicated time points. For
T-cell co-culture studies, DCs were incubated with RSV and plasma for
overnight prior to combining with isolated T cells from LNs of RSV-
infected mice at a ratio of 1:10 DCs to T cells. The supernatants from
the co-culture were then harvested after 48 h and assayed for cytokines
by Bioplex analysis.

Flow cytometry. Cells were isolated from the right lungs and
mediastinal LNs by digestion in 200 mg ml� 1 Liberase (Roche Applied
Science, Indianapolis, IN) and 200 U ml� 1 DNase I (Sigma-Aldrich) at
37 1C. After lysing red blood cells, FcR blocking was used to limit
nonspecific staining. Cells were stained with Live/Dead Fixable Yellow
(Invitrogen), followed by fluorescent antibodies for 30 min. Total
number of cells for each population in the individual lungs was
calculated using gating percentage multiplied by total number of cells
in each lung preparation. Analysis was performed using the FlowJo
software (TreeStar, Ashland, OR).

Metabolomic analysis. Plasma samples were isolated from mice at
identified stages of supplementation and or RSV infection as described
in the Results section. Animals were bled as a terminal bleed prior to
necropsy into an EDTA solution to inhibit coagulation, and plasma
was separated by centrifugation. Isolated plasma was aliquoted into
200ml samples and frozen at � 80 1C in sterile screw top freezer tubes.
A single aliquot of each sample was prepared in dry ice and shipped to
Metabolon (Durham, NC) for analysis of the metabolic profile using
mass spectrometry.

Airway sensitization by DC transfer and RSV challenge model.
BMDCs were grown from animals supplemented with PBS or
L. johnsonii for 1 week as above. BMDCs were then infected with RSV
overnight, washed thoroughly free of any external virus, resuspended
in saline, and injected into the airway of naive mice.24,25 In a second set
of studies, BMDCs were grown from naive mice and then incubated
with 2% plasma from PBS or L. johnsonii–supplemented mice for 16 h
prior to RSV infection. After overnight RSV infection, DCs were
washed and instilled into the airways of naive mice. After a 1-week
sensitization period, the animals were infected with an RSV challenge
followed by harvest at 8 days postinfection as outlined in
Supplementary Figure S1B.

Statistics. Data were analyzed and graphed using the GraphPad Prism
software (La Jolla, CA). Statistical significance for tissue culture and
in vivo analyses was determined by one-way analysis of variance and
Bonferroni’s posttest to obtain P-values. Metabolites exhibiting sig-
nificantly different concentrations were identified using Welch’s t-test.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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