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Allergies are mainly characterized as an unrestrained Th2-biased immune response. Epidemiological data associate protection
from allergic diseases with the exposure to certain infectious agents during early stages of life. Modulation of the immune response by pathogens has been considered to be a major factor influencing this protection. Recent evidence indicates that immunoregulatory mechanisms induced upon infection ameliorate allergic disorders. A longitudinal study has demonstrated reduced
frequency and incidence of asthma in children who reported a prior infection with Salmonella. Experimental studies involving
Salmonella enterica serovar Typhimurium-infected murine models have confirmed protection from induced allergic airway inflammation; however, the underlying cause leading to this amelioration remains incompletely defined. In this study, we aimed to
delineate the regulatory function of Salmonella Typhimurium infection in the amelioration of allergic airway inflammation in
mice. We observed a significant increase in CD11bⴙ Gr1ⴙ myeloid cell populations in mice after infection with S. Typhimurium.
Using in vitro and in vivo studies, we confirmed that these myeloid cells reduce airway inflammation by influencing Th2 cells.
Further characterization showed that the CD11bⴙ Gr1ⴙ myeloid cells exhibited their inhibitory effect by altering GATA-3 expression and interleukin-4 (IL-4) production by Th2 cells. These results indicate that the expansion of myeloid cells upon S. Typhimurium infection could potentially play a significant role in curtailing allergic airway inflammation. These findings signify
the contribution of myeloid cells in preventing Th2-mediated diseases and suggest their possible application as therapeutics.

T

he global surveillance report on the prevalence of chronic respiratory diseases published in 2011 by the Global Initiative
for Asthma (GINA) estimated that about 300 million individuals
worldwide suffer from asthma, with 250,000 deaths annually attributed to this disease. Asthma is mainly characterized as a Th2biased inflammatory disease, defined by cellular infiltration, increased mucus production, and structural remodeling of the
lungs, resulting in airway obstruction. Epidemiological studies
have correlated the rise in allergic diseases over the past few decades, especially in the developed part of the world, to changes in
environmental factors and improvement in the field of disease
prevention, resulting in reduced exposure to microbial and helminth antigens during early childhood (1–3). As allergic disorders
are typically a result of Th2-skewed immune responses, modulation toward a Th1 immune phenotype induced during microbial
infection was considered to be critical in preventing acute Th2
diseases (4, 5). Subsequent studies in mice have indicated the vital
role of various immunoregulatory mechanisms in the modulation
of allergic and autoimmune diseases. Among them, regulatory T
(Treg) cells have been demonstrated to be essential in restoring
the balance of the immune system in order to prevent and to
provide protection from various diseases (6). Induction and expansion of Treg cells during various helminth and bacterial infections have led to the inhibition of allergic airway inflammation in
mouse models (7–11). In contrast, certain infection models have
also confirmed suppression of allergies in a Treg cell-independent
manner, for which the mechanisms are yet undefined (12, 13).
A longitudinal study by Pelosi et al. on Sardinian children demonstrated an inverse correlation between the exposure to pathogen and the susceptibility to allergic reactions (14). In comparison
to children suffering from enteritis of a nonbacterial etiology, children infected by Salmonella during their infancy had reduced fre-
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quency and delayed occurrence of asthma and allergic rhinoconjunctivitis in later stages of their lives. Consequently, investigation
in a murine model of allergic airway inflammation confirmed that
infection with Salmonella enterica serovar Typhimurium resulted
in reduced airway inflammation; however, the mechanism still
remains unclear (15). In the present study, we attempted to identify the mechanism(s) induced upon Salmonella Typhimurium
infection in mediating this suppression of airway inflammation.
Following an analogous regimen adopted from Wu et al., we
observed a decrease in airway inflammation in auxotrophic S. Typhimurium AroA strain SL 7207-infected mice (15). Contrary to
the previous hypothesis, the reduction in immune pathology was
mediated by a mechanism independent of a clear shift toward a
Th1 response. Additionally, there was no demonstrable change in
the frequency of Foxp3⫹ Treg cells in the infected group of mice.
Subsequently, we detected a considerable increase in a population of cells expressing CD11b and Gr1 in mice infected with S.
Typhimurium. This heterogeneous population of cells has been
shown to be comprised of macrophages, immature granulocytes,
early myeloid progenitors, and dendritic cells (DCs) (16). Using in
vitro coculture systems, we attempted to determine whether these
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MATERIALS AND METHODS
Animals and bacteria. BALB/c and DO11.10 mice were bred at the animal
facility of Twincore (Twincore, Hanover, Germany) and at the Helmholtz
Centre for Infection Research (HZI; Braunschweig, Germany). Six- to
12-week-old sex- and age-matched mice were used for all experiments. All
animals were housed under specific-pathogen-free conditions. Mice were
sacrificed by intraperitoneal (i.p.) injection of 6.25 mg of ketamine hydrochloride and 0.75 mg of xylazine hydrochloride as approved by the German animal welfare law. All mouse experiments were conducted in accordance with the described procedures in ethics applications approved by
the institutional animal welfare committee and by the local government,
namely, the Lower Saxony State Office for Consumer Protection and Food
Safety. The auxotrophic S. Typhimurium aroA strain SL 7207 was used for
all experiments. Bacteria were grown in Luria-Bertani (LB) medium
(Roth, Karlsruhe, Germany) at 37°C and were used at an optical density
corresponding to 0.5 ⫻ 109 to 1.0 ⫻ 109 CFU/ml.
Fluorescence cytometry. Antibodies against CD4 (GK1.5 and RM45), CD3 (17A2 and 145-2C11), CD8 (H35-17.2), Foxp3 (FJK-16S),
GATA-3 (TWAJ), gamma interferon (IFN-␥; XMG1.2), Gr-1 (RB6-8C5),
CD11b (M1/70), CD25 (PC61), CD19 (1D3), CD49b (DX5), NKp46
(29A1.4), CD11c (N418), and B220 (RA3-6B2) were purchased from
eBioscience (Frankfurt, Germany), and anti-Ly6C (HK1.4) was from Biolegend (Fell, Germany). Fluorescence-activated cell sorter (FACS) acquisition was performed on an LSRII (Becton, Dickinson, Heidelberg, Germany) instrument using DIVA software (6.1.2), and data were analyzed
using FlowJo software (Tree Star, Inc., OR, USA). FACS analysis was
performed at the Cell Sorting Core Facility of the Hanover Medical School
on a FACS Aria (Becton, Dickinson, Heidelberg, Germany), XDP, or
MoFlo (Beckman Coulter, Krefeld, Germany) cell sorter.
Induction of allergic airway inflammation and measurement of cellular infiltration in BAL fluid. Induction of allergic airway inflammation
with parallel infection with the auxotrophic S. Typhimurium aroA strain
SL 7207 was adapted from a regimen described earlier (15). Mice were
sensitized with 10 g of ovalbumin (OVA) i.p. (grade VI; Sigma-Aldrich,
Munich, Germany) adsorbed on 1.5 mg of aluminum hydroxide (SigmaAldrich, Munich, Germany) on days 7, 8, 9, and 20. One group of OVAsensitized mice was infected intragastrically with 0.5 ⫻ 109 to 1.0 ⫻ 109
CFU of S. Typhimurium (SL 7207) (Sal group) in LB medium containing
3% sodium bicarbonate on days 0, 7, 20, and 27. All OVA-sensitized mice
were subsequently challenged on days 20, 24, 27, 30, and 34 by intranasal
(i.n.) administration of 30 g of OVA (grade V). Sham-sensitized (phosphate-buffered saline [PBS] plus alum) and sham-challenged mice were
used as negative controls (Neg group). Animals were sacrificed 24 h after
the last challenge using ketamine and xylazine, and their trachea were
cannulated. Airways were flushed three times with 800 l of ice-cold PBS,
and total cell number in the bronchoalveolar lavage (BAL) fluid was calculated using trypan blue exclusion dye. Approximately 5 ⫻ 104 to 10 ⫻
104 cells in 100 l of PBS were used for cytospinning (700 rpm for 5 min)
(Cytospin3; Shandon). Slides were stained with a Diff-Quik staining kit
(Medion Diagnostics, Deudingen, Switzerland) according to the manufacturer’s protocol. Two hundred leukocytes were counted per slide from
random fields in a single-blinded manner.
Measurement of OVA-specific Ig in serum. Quantification of antigen-specific serum immunoglobulins IgE, IgG1, and IgG2a was performed using enzyme-linked immunosorbent assays (ELISAs) as de-
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scribed previously (17). The detection limits were 3.125 ng/ml for IgG1,
1.56 ng/ml for IgE, and 0.78 ng/ml for IgG2a. The absorbance was measured at 405 nm with a 570-nm filter as a reference.
Cytokine profiling of OVA-restimulated meLN cells. The cytokine
secretion profile of cells from lung-draining lymph nodes was determined
using an in vitro restimulation assay. Single-cell suspensions from mediastinal lymph nodes (meLN) were obtained by mechanical disruption,
and 1 ⫻ 106 total cells were seeded in 96-well round-bottom plates in 200
l of complete RPMI medium (Gibco, Darmstadt, Germany) containing
100 g/ml OVA (grade VI). Culture supernatants were harvested after 72
h and frozen at ⫺80°C until further use. Interleukin-4 (IL-4), IL-5, IL-13,
IL-10, and IFN-␥ levels were measured in cell-free supernatants by ELISAs
using matched antibody pairs purchased from R&D Systems (WiesbadenNordenstadt, Germany). ELISAs were performed according to the manufacturer’s instructions.
Analysis of cellular infiltrates in spleen and lymph nodes and their
cytokine profiles. A total of 1 ⫻ 106 cells from the spleen were stimulated
with 0.1 g/ml phorbol myristate acetate (PMA; Sigma-Aldrich, Munich,
Germany) and 1 g/ml ionomycin (Sigma-Aldrich, Munich, Germany).
After 4 h, 1 g/ml brefeldin A (ebiosciences, San Diego, CA, USA) was
added and incubated for an additional 2 h. Unstimulated cells incubated
with brefeldin A were used as a control. Consequently, cells were washed,
and intracellular staining was performed to determine the expression of
IFN-␥ in CD4⫹ and CD8⫹ cells. Unstimulated cells were used to determine the frequencies of Foxp3⫹ Treg cells and myeloid cell populations
expressing CD11b and Gr1.
In order to determine the influence of an oral infection with S. Typhimurium on the cellular composition in the spleen and lung, mice were
infected with 0.5 ⫻ 109 to 1 ⫻ 109 CFU of SL 7207 on days 0, 4, and 9. On
day 14 the mice were sacrificed and analyzed for the frequency of CD3⫹ T
cells, CD19⫹ B cells, CD11c⫹ dendritic cells (DCs), CD49b⫹ NK cells,
Foxp3⫹ Treg cells, and CD11b⫹ Gr1⫹ myeloid cells in the spleen and
lung. Uninfected mice were used as controls.
Quantitative PCR. The left lobe of the lung was excised and frozen
immersed in TRIzol (Invitrogen, Darmstadt, Germany) at ⫺80°C until
further use. Total RNA was isolated according to the manufacturer’s protocol. RNA was quantified using a NanoDrop-1000 spectrophotometer
(Peqlab, Erlangen, Germany). cDNA synthesis was performed using
oligo(dT) primers and a Fermentas Revert enzyme kit (Fermentas, Schwerte, Germany) using 1 g of total RNA as the template. The MUC5AC
gene was quantified as described previously (18) using the primers (5=CTTCAACGGCAGTCCAAAAT-3=) and (5=-CTCAAGGGGTGTCAGC
CTAA-3=). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an internal control. Primers for GAPDH and SYBR green mix were
obtained from SAbiosciences (Hilden, Germany). Quantitative PCRs
(qPCRs) and data analysis were carried out using a LightCycler 480
(Roche, Penzberg, Germany).
Lung histology and quantification. The lungs were fixed by intratracheal instillation of 4% buffered paraformaldehyde, ligated, and stored in
fixative until further use. Specimens were trimmed according to standardized tissue trimming RITA (registry of industrial toxicology animal data)
industrial guidelines (19). Uniform samples were embedded in paraffin,
and 3-m sections were stained with either hematoxylin and eosin (H&E)
or periodic acid-Schiff (PAS) stain to estimate cellular infiltration or mucus production by airway epithelial cells, respectively. The surface area of
mucus-containing goblet cells (Sgc) per total surface area of airway epithelial basal membrane (Sep) was determined using a computer-assisted
tool (Axio Vision, version 4.8; Carl Zeiss).
Ex vivo isolation of myeloid cells from the spleen. On day 14, splenocytes from mice previously infected with 0.5 ⫻ 109 to 1 ⫻ 109 CFU of
auxotrophic S. Typhimurium aroA strain SL 7207 on days 0, 4, and 9 were
depleted of CD3⫹ and CD19⫹ cells using anti-CD3/anti-CD19 phycoerythrin (PE) antibodies in conjunction with anti-PE magnetic cell sorting (MACS) microbeads (Miltenyi, Bergisch Gladbach, Germany). Myeloid cells were further sorted by a FACS instrument as CD11b⫹ and Gr1⫹
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myeloid cells influenced the differentiation or the stability of Th2
cells. We demonstrate that these myeloid cells do not influence the
in vitro differentiation of naive T cells into a Th2 phenotype but
considerably destabilize already differentiated Th2 cells by downmodulating the expression of key regulatory factors. Our results
implicate a potential mechanism of protection from asthma mediated by S. Typhimurium infection through the expansion of
CD11b⫹ Gr1⫹ cells, which negatively influence the stability of
Th2 cells.

Ganesh et al.
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RESULTS

S. Typhimurium infection results in amelioration of cellular
airway inflammation in mice. To determine the influence of S.
Typhimurium infection on airway inflammation, we used a murine model of systemic sensitization with ovalbumin and alum
(Fig. 1A). The positive-control group of mice (Fig. 1, Pos), which
were OVA sensitized and challenged, showed an increased inflammatory response, as scored by total cellular infiltration and especially eosinophilic infiltration in BAL fluid in comparison to
sham-sensitized and sham-challenged negative-control mice (Fig.
1B and C, Neg). The experimental group of mice (Sal) infected
with the attenuated auxotrophic strain of S. Typhimurium aroA
(SL 7207) prior to and during the sensitization period showed a
significant reduction in total cellular infiltration in BAL fluid (Fig.
1B). In particular, eosinophils, which are critical cellular players in
the pathology of allergic airway inflammation, were significantly
decreased (Fig. 1C). Additionally, lymphocytic infiltration in the
BAL fluid of infected mice was also distinctly reduced; however,
there was no alteration in either the macrophage or neutrophil
population between the groups. These observations are in accordance with published data (15) and thus confirm that gastric infection of mice with S. Typhimurium results in a reduced cellular
infiltration into the lungs.
Histological analysis reveals reduced pathology and mucus
production in the lungs of S. Typhimurium-infected mice. By
histological analysis and quantitative PCR (qPCR), we assessed cellular pathology and mucus secretion in the lungs. Lung sections were
stained with hematoxylin-eosin (H&E) to determine lung pathology
(Fig. 1D, top panel) or with periodic acid-Schiff (PAS) stain to assess
mucus production (Fig. 1D, bottom panel). A double-blinded quantitative analysis revealed a significant reduction in the overall inflammatory score in the lungs of S. Typhimurium-infected mice in comparison to the uninfected group (Fig. 1E, Sal and Pos, respectively).
The Sal group mice also showed reduction in mucus production, as
assessed by the ratio between the area of surface airway epithelium
containing goblet cells (Sgc) and the total area of airway epithelium
(Sep) (Fig. 1F). Additionally, qPCR analysis of MUC5AC expression
in the lungs from the Sal group of mice showed relatively reduced
expression compared to Pos group of mice (Fig. 1G), corroborating
the quantitative histological data for mucus production.
Infection with S. Typhimurium does not interfere with the
sensitization. As S. Typhimurium infection was carried out during sensitization, it was essential to validate whether the infection
resulted in an impairment of sensitization against the allergen,
which may influence overall airway inflammation later. Thus, we
collected serum from individual mice and evaluated the allergenspecific antibody titers by ELISA. The group of infected mice
showed substantial titers of OVA-specific IgE (Fig. 2A) and IgG1
(Fig. 2B), which were equivalent to those of the uninfected but
sensitized group (Pos) of mice, thus confirming comparable sensitization against the allergen. Additionally, the Sal group also exhibited enhanced titers of OVA-specific IgG2a in their sera (Fig.
2C). While the presence of antigen-specific IgE and IgG1 levels
signifies the induction of a robust and equivalent Th2 response in
both the infected and noninfected groups of mice, the increased
titers of IgG2a in the infected mice indicates a tendency toward a
Th1-mediated immune response.
Reduced pathology is not mediated by an apparent diversion
toward a Th1 phenotype. As the increased levels of IgG2a in the
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cells. FACS-sorted CD11b⫺ Gr1⫺ cells from the infected mice were used
as negative controls.
Influence of myeloid cells on differentiation of Th2 cells. To investigate the influence of myeloid cells on Th2 differentiation, sorted
CD11b⫹ Gr1⫹ cells were cocultured in vitro with naive CD4⫹ DO11.10⫹
T cells at a ratio of 1:1 under Th2 differentiation conditions in the presence of IL-4 (1 g/ml), IL-2 (25 U/ml), anti-IFN-␥ (2.5 g/ml), and
granulocyte-macrophage colony-stimulating factor (GM-CSF)-derived
bone marrow DCs. After 5 days of culture, the expression of the key
transcription factor GATA-3 was measured by FACS on live gated CD4⫹
DO11.10⫹ cells to determine the frequency of differentiated Th2 cells.
CD11b⫺ Gr1⫺ cells sorted from the same infected mice were used as
internal controls for these Th2 differentiation assays.
Influence of myeloid cells on differentiated Th2 cells. Th2 cells were
differentiated in vitro as described previously. The effect of myeloid cells
on the stability of differentiated Th2 cells was assessed by coculturing the
in vitro-generated Th2 cells with CD11b⫹ Gr1⫹ cells, and their GATA-3
expression was analyzed after 2 days by FACS analysis and Western blotting. After coculture, Th2 cells were sorted positively using anti-CD4 PE
and anti-PE MACS microbeads. For estimation of GATA-3 expression
using Western blotting, sorted cells were washed with PBS and lysed using
buffer (Pierce, Rockford, IL, USA) containing Na3VO4 and protease inhibitors. Protein concentration was estimated from the cell extract using a
bicinchoninic acid (BCA) assay (Pierce, Rockford, IL, USA), and an equal
amount of total protein was used for Western blotting. Blots were probed
with anti-GATA-3 (clone sc268; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and anti-IgG-horseradish peroxidase (HRP; (Jackson ImmunoResearch, West Grove, PA, USA). ␤-Actin (clone A5441; Sigma-Aldrich,
Munich, Germany) was used as a loading control. Chemiluminescence
was detected using an Intas ChemoCam detection system every 2 min
after addition of the HRP substrate (GE Health Care, Buckinghamshire,
United Kingdom), and images were sequentially integrated. Quantification was carried out using LabImage 1D software (Intas). To determine
the mechanism, 20 M nitric oxide synthase inhibitor N-(3-aminomethyl) benzylacetamidine (1400W; Merck, Darmstadt, Germany) or 50
M arginase (Arg) inhibitor (S)-(2-boronoethyl-L-cysteine) hydrochloride (BEC HCl; Merck, Darmstadt, Germany) was added to the cocultures. At 2 days postcoculture the Th2 cells were analyzed for their
GATA-3 expression profiles. As controls, the noncocultured Th2 cells
were also treated with the respective concentrations of the inhibitors.
Additionally, ELISAs were performed to estimate IL-4, IL-5, and IL-13
production by Th2 cells. To this end, equal numbers of live sorted Th2
cells postcoculture were stimulated using PMA (0.1 g/ml) and ionomycin (1 g/ml) for 6 h, and cell-free supernatants were used. ELISAs were
performed using matched antibody pairs from R&D Systems.
Induction of allergic airway inflammation by adoptive transfer of
Th2 cells cocultured with CD11bⴙ Gr1ⴙ cells. In vitro-differentiated Th2
cells were cocultured with ex vivo-isolated CD11b⫹ cells expressing intermediate and high levels of Gr1 (CD11b⫹ Gr1int and CD11b⫹ Gr1hi, respectively) at a ratio of 1:1. After 5 days, CD4⫹ DO11.10⫹ cells were sorted
by FACS, and 3.5 ⫻ 106 to 4 ⫻ 106 sorted cells were adoptively transferred
intravenously (i.v.) per BALB/c recipient mouse. Mice were challenged
intranasally with 30 g of OVA on two successive days. Positive (Pos)and negative (Neg)-control mice were adoptively transferred with noncocultured Th2 cells. Positive-control mice were challenged as described
above, and the negative-control mice were left unchallenged. At day 3
posttransfer mice were sacrificed, and BAL fluid was collected and analyzed as described earlier.
Statistical analysis. Data are represented as means plus standard deviations (SD). Comparative groups were tested for statistical significance
by analysis of variance (ANOVA) or a Mann-Whitney U test using Prism,
version 5, software (GraphPad, San Diego, CA, USA). P values of less than
0.05 were considered statistically significant.

Salmonella Infection Inhibits Airway Inﬂammation

sera of S. Typhimurium-infected mice indicate a Th1-biased
immune response, we analyzed the production of the Th1 signature cytokine IFN-␥. In parallel we assessed the production
of Th2 cytokines such as IL-4, IL-5, and IL-13. For this purpose, single-cell suspensions from meLN were stimulated with
OVA in vitro, and the cell-free supernatants were analyzed for
cytokine production by ELISA. Among the Th2 cytokines analyzed, we observed a significant reduction in IL-4 (Fig. 2D) but
not in IL-5 (Fig. 2E) or IL-13 (Fig. 2F) production by the Sal
group of mice in contrast to the Pos group. Interestingly, we
did not observe any significant alteration in IFN-␥ secretion by
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the cells isolated from the Sal group of mice in comparison to
their uninfected counterparts (Fig. 2G). We also analyzed
IFN-␥ production at a cellular level in splenocytes and cells
from mesenteric and mediastinal lymph nodes (mLN and
meLN, respectively). There were no differences in the relative
numbers of IFN-␥-producing CD4⫹ and CD8⫹ cells between
either of the groups in the spleen (Fig. 2H), mLN, and meLN
(data not shown). With no visible shift toward a Th1-biased
response in spite of reduced IL-4 production, we sought to
determine the immunoregulatory mechanisms that might result in curbing airway inflammation. In this regard, we quan-
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FIG 1 Influence of S. Typhimurium infection on allergic airway inflammation. (A) Schematic representation of regimen used for inducing allergic airway
inflammation. Mice sensitized against OVA on days 7, 8, 9, and 20 were subsequently challenged with OVA on days 20, 23, 27, 30, and 34. One group of mice (Sal)
was infected with S. Typhimurium on days 0, 7, 20, and 27. Negative-control (Neg) mice were sham sensitized and sham challenged with PBS, unlike the positive
control (Pos) and experimental (Sal) groups. p.o., orally. (B) Total cellular infiltration in the BAL fluid was determined by counting live cells using trypan blue
exclusion dye. (C) Macrophage, lymphocyte, neutrophil and eosinophil numbers were ascertained by differential cellular count of cytospots using standard
morphological parameters in a single-blinded manner. (D) Histology of formalin-fixed lung tissues stained with H&E (upper panel) or PAS (lower panel) dyes
to determine cellular infiltration and mucus production, respectively, in lung. (E) Overall lung extension, peribronchial and perivascular cellular infiltration, and
interstitial edema were the parameters considered for histological scoring in a double-blinded manner. (F) Mucus secretion was assessed by measuring the surface
area of mucus-containing goblet cells (Sgc) per total surface of airway epithelial area. (G) Expression of the MUC5AC gene in the lung was determined using
quantitative PCR and is represented as fold change with respect to (wrt) the Neg group. In panels B and C, each dot represents data from an individual mouse.
Data shown were pooled from three individual experiments using 4 to 6 mice in each group. Data are represented as means plus SD and are representative of three
individual experiments with 4 to 6 mice per group. A Mann-Whitney test was used for panel G, and ANOVA was used to determine statistical significance for the
other data. n.s, nonsignificant; *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001.
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Histograms represent means, and error bars represent SD of titers from individual mice. Cell-free supernatants of OVA-restimulated mediastinal lymph node
cells were analyzed for IL-4 (D), IL-5 (E), IL-13 (F), IFN-␥ (G), and IL-10 (I) by ELISA using matched antibody pairs. Histograms represent means, and error bars
represent SD of ELISA replicates performed on three individual stimulations from each group. (H) Representative FACS plot of splenocytes analyzed for the
frequency of IFN-␥-producing CD4⫹ and CD8⫹ T cells on the day of analysis. The plots are gated on live CD3⫹ lymphocytes. The FACS plots are representative
plots from two individual experiments with 4 to 6 mice per group. Data are represented as means plus SD and are representative of three individual experiments
with 3 to 6 mice per group. An ANOVA test was used to determine statistical significance. n.s, nonsignificant; **, P ⬍ 0.01.

tified the level of IL-10 in the supernatant of meLN cells stimulated with OVA in vitro but observed no significant
differences between the Sal and Pos groups of mice (Fig. 2I).
Subsequently, we analyzed CD4⫹ Foxp3⫹ Treg cells, which
could exhibit an immunoregulatory function in an IL-10-independent manner.
S. Typhimurium infection does not result in expansion of the
Foxp3ⴙ Treg cell population. Treg cells have been implicated in
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playing a critical role in inhibiting airway inflammation in certain
bacterial and helminth infections (7, 11). Consequently, we investigated the probable expansion of Treg cells in an in vivo infection
by evaluating Foxp3⫹ cells in the spleen. No significant alteration
was observed in either the frequency or total cell numbers of
Foxp3⫹ Treg cells in the spleen (Fig. 3A).
S. Typhimurium infection results in expansion of CD11bⴙ
Gr1ⴙ myeloid cells. Since there was no apparent induction of a
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FIG 2 Modulation of T cell responses. OVA-specific serum IgE (A), IgG1 (B), and IgG2a (C) levels were quantified from individual serum samples by ELISA.
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FIG 3 Alteration of cellular compartment upon S. Typhimurium infection. (A) Representative FACS plots gated on live CD3⫹ lymphocytes and histograms
indicate the frequency and the total numbers of CD4⫹ Foxp3⫹ Treg cells in the spleen of mice from the different groups used in the airway inflammation model.
Histograms indicate the frequency of various cell populations, i.e., T cells (CD3⫹), B cells (CD19⫹), NK cells (CD49b⫹), conventional DCs (cDCs) (CD11c⫹ and
major histocompatibility complex class II-positive [MHCII⫹]), Treg cells (Foxp3⫹), and myeloid cells (CD11b⫹ Gr1⫹), in the spleen (B) and lungs (C) of mice
infected with S. Typhimurium (Sal) in contrast to uninfected mice (Neg). The frequencies of all cell types were determined from the total-live-cell gate. Foxp3⫹
cell frequency was determined from gating live CD3⫹ CD4⫹ lymphocytes. (D) Representative FACS plots and histograms indicate the frequencies and total
numbers of CD11b⫹ Gr1hi and CD11b⫹ Gr1int myeloid cells in the spleen of mice from the different groups used in the airway inflammation model. These cell
frequencies were ascertained from the total live-cell gate. In panels A and D, data are representative plots from three individual experiments with 4 to 6 mice per
group. ANOVA was used to determine statistical significance. In panels B and C data are represented as means plus SD and are representative of two individual
experiments with 3 to 4 mice per group. A Mann-Whitney test was used for determining statistical significance. n.s, nonsignificant; *, P ⬍ 0.05; **, P ⬍ 0.01.
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cells (Pos) or Th2 cells cocultured with CD11b⫺ Gr1⫺ cells (Fig.
4D, left panel). However, no significant difference was observed in
either IL-13 (Fig. 4D, middle panel) or IL-5 (Fig. 4D, right panel)
production levels between the various groups.
Adoptive transfer of Th2 cells cocultured with CD11bⴙ Gr1ⴙ
cells exhibit attenuation in eosinophil recruitment to the airways of experimental mice. As coculture of Th2 cells with
CD11b⫹ Gr1⫹ cells demonstrated down-modulation of key Th2
factors (GATA-3 and IL-4), we investigated the potential of these
Th2 cells to induce allergic airway inflammation. After 5 days of
coculture, equal numbers of FACS-sorted Th2 cells were adoptively transferred into recipient BALB/c mice. Non cocultured,
FACS-sorted Th2 cells were transferred in the control mice. Except for the negative-control group, all mice were challenged with
30 g of OVA (grade V) for two consecutive days to induce airway
inflammation. In contrast to the positive-control (Pos) group of
mice that received noncocultured Th2 cells, mice that received
Th2 cells cocultured with CD11b⫹ Gr1hi cells demonstrated reduced total cellular (Fig. 5A) and eosinophilic infiltration in BAL
fluid (Fig. 5B). Th2 cells cocultured with CD11b⫹ Gr1int cells were
used as positive controls and demonstrated a significant inhibition of cellular infiltration in BAL fluid.
Mechanism mediating the down-modulation of GATA-3 expression in Th2 cells. Previous studies have indicated the ability
of these myeloid cells to induce the suppression of T cells by mechanisms mediated by either nitric oxide (NO), arginase I (ArgI), or
reactive oxygen species (22, 23). The study by Arora et al. demonstrated the ability of CD11b⫹ Gr1int cells to induce down-modulation of GATA-3 expression by Th2 cells in an arginase- and
IL-10-dependent manner (20). Hence, by using specific inhibitors
for the enzymes nitric oxide synthase (NOS) (N-(3-aminomethyl)
benzylacetamidine [1400W]) and arginase [(S)-(2-boronoethylL-cysteine), or BEC], we tried to ascertain whether these enzymes
influenced the expression of GATA-3 expression in Th2 cells upon
coculture with CD11b⫹ Gr1hi cells. In the absence inhibitors, coculture with myeloid cells demonstrated reduced production of
GATA-3 in Th2 cells (Fig. 5C, top row). In contrast, coculture in
either the presence of a NOS inhibitor (1400W) (Fig. 5C, middle
row) or arginase inhibitor (BEC) (Fig. 5C, bottom row) prevented
the down-modulation of GATA-3 expression in Th2 cells, implying a role for both nitric oxide synthase and arginase in the mechanism mediated by myeloid cells in influencing the Th2 cells.
DISCUSSION

A number of investigations involving the administration of
pathogens in mouse models have demonstrated moderation of
manifestations of atopic asthma, such as lung inflammation,
mucus production, and airway eosinophilia. The species,
strain, formulation, and route of application of the pathogen
are critical in shaping the type of immune response being generated. Studies involving bacteria or helminths suggested that
the mechanism ameliorating allergic disorders are mediated by
either a diversion toward a Th1 response or by expansion of
regulatory T cells. Even subtypes of a pathogen have been
shown to differ in their abilities and mechanisms to induce
suppression of airway inflammation (24). While Mycobacterium vaccae induces Treg cells to mediate the inhibition of airway
inflammation, Mycobacterium bovis treatment results in a similar
outcome but by inducing a Th1 response (10, 25). Epidemiological and experimental evidence has established the immunomodu-
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Th1-biased immune response or IL-10 levels and since the protection could not be attributed to the expansion of Treg cells, we
investigated the changes in other predominant immune cell populations upon infection with S. Typhimurium. Mice infected with
S. Typhimurium showed no demonstrable change in the frequencies of B cells (CD19⫹), T cells (CD3⫹), NK cells (CD49⫹), dendritic cells (CD11c⫹), and Treg cells (CD4⫹ Foxp3⫹), except for a
significant increase in the frequency of CD11b⫹ Gr1⫹ cells in the
spleens (Fig. 3B) and lungs (Fig. 3C). We further confirmed the
expansion of CD11bⴙ Gr1ⴙ myeloid cells in our experimental
regimen for airway inflammation. There was a considerable increase in this myeloid cell population in the Sal group compared to
levels in the other two groups (Fig. 3D). Further characterization
of this population indicated that there was a significant increase in
frequency and total cell numbers of the CD11b⫹ Gr1hi cell population and a modest increase in the CD11b⫹ Gr1int population.
These myeloid cells were further examined for the surface expression of F4/80, Ly6C, and CD11c. In contrast to the CD11b⫹ Gr1hi
cells which were CD11c⫺ F4/80⫺ Ly6Cint, the CD11b⫹ Gr1int cells
were F4/80⫹ Ly6Chi but CD11c⫺ (data not shown).
CD11bⴙ Gr1ⴙ cells do not inhibit Th2 differentiation but
influence GATA-3 expression. Although S. Typhimurium infection moderates airway inflammation, the antibody and cytokine
profiles of these infected mice indicate a pronounced Th2-dominated immune response. Earlier studies pertaining to the influence of CD11b⫹ Gr1⫹ cells on Th2 responses have demonstrated
conflicting results (20, 21). Hence, we next sought to determine
whether S. Typhimurium infection-induced CD11b⫹ Gr1⫹ myeloid cells inhibited the differentiation of naive T cells into the Th2
lineage or had any influence on the stability of already differentiated Th2 cells. In vitro coculture of naive T cells with sorted
CD11b⫹ Gr1⫹ myeloid cells under Th2-polarizing conditions
did not influence differentiation into Th2 cells (Fig. 4A, right
panel). Also, the CD11b⫹ Gr1⫹ myeloid cells did not influence
the strength of Th2 induction, as estimated by the levels of
expression of GATA-3 (Fig. 4A, left panel). However, differentiated Th2 cells, upon coculture with CD11b⫹ Gr1⫹ myeloid
cells, demonstrated a significant downregulation of GATA-3
expression at 2 days postcoculture in a dose-dependent manner
(Fig. 4B). CD11bⴙ Gr1ⴙ cells have been broadly classified as
CD11bⴙ Gr1hi and CD11bⴙ Gr1int. Recently, CD11bⴙ Gr1int
cells have been demonstrated to influence the Th2 effector
function. As S. Typhimurium infection resulted in a significant
increase in the CD11bⴙ Gr1hi cell population, we subsequently
tried to determine the role of this subfraction in modulating
GATA-3 expression using CD11bⴙ Gr1int cells as a positive
reference. The CD11b⫹ Gr1hi cells demonstrated a comparable
reduction in GATA-3 expression to CD11b⫹ Gr1int cells, as
quantified by Western blot analysis (Fig. 4C). CD11b⫺ Gr1⫺
cells sorted from infected mice were used as a negative control,
and they did not have any influence on GATA-3 expression.
CD11bⴙ Gr1ⴙ cells diminish IL-4 production by Th2 cells.
To ascertain whether the down-modulation of GATA-3 expression in Th2 cells altered their functional characteristics, Th2 cells
were sorted at 5 days postcoculture, and equal numbers of sorted
T cells were restimulated in vitro with PMA and ionomycin. Cellfree supernatants from these cultures were analyzed for IL-4 production by ELISA. Coculture of differentiated Th2 cells with
CD11b⫹ Gr1hi or CD11b⫹ Gr1int cells exhibited a significant reduction in IL-4 cytokine production in comparison to only Th2
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latory properties of S. Typhimurium in attenuating allergic responses, but the immune response mediating the amelioration
still remained elusive (15). Depending upon the strain of Salmonella, an infection can either cause enterocolitis, which remains
localized to the intestine and produces disease symptoms within a
period of 12 to 72 h, or typhoid fever, which is a systemic infection
and manifests only after a median incubation period of 5 to 9 days.
The inflammatory responses induced vary between the two diseases as typhoid fever is characterized by a slowly developing infiltrate composed predominantly of mononuclear inflammatory
cells, while in enterocolitis the immune response involves a rap-
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idly developing infiltrate consisting predominantly of neutrophils
(26, 27). In this study, using the typhoid fever model regimen
adopted from Wu et al., we demonstrate the potential mechanism
mediated by an oral infection with the Salmonella Typhimurium
aroA strain (SL 7207) in reducing lung inflammation in an antigen-sensitized and challenged mouse. The reduced virulence of
the auxotrophic mutant and its ability to induce an innate immune response similar to that of a wild-type strain (28) were the
reasons for employing this mutant strain of Salmonella Typhimurium for our study.
In accordance with previously published results, we also ob-
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FIG 4 Myeloid cells alter Th2 stability but not differentiation. (A) A representative FACS plot and bar graph indicating the frequency of GATA-3⫹ cells of total
live CD4⫹ DO11.10⫹ cells as an indicator of Th2 differentiation when T cells are cocultured with CD11b⫹ Gr1⫹ cells at ratio of 1:1. CD11b⫺ Gr1⫺ cells isolated
from the same infected mice were used as an internal control. Noncocultured differentiated Th2 cells (Pos) were used as controls. Data are representative of three
individual experiments. (B) CD11b⫹ Gr1⫹ myeloid cells were cocultured with differentiated Th2 cells at various ratios to ascertain their influence on the stability
of Th2 cells. The FACS plot and line graph indicate the mean fluorescence intensity (MFI) of GATA-3 expression in live CD4⫹ DO11.10⫹ (Th2) cells.
Noncocultured Th2 cells (Pos) and Th2 cells cocultured with CD11b⫺ Gr1⫺ cells sorted from the infected mice were used as controls. CD11b⫹ Gr1⫹ and
CD11b⫺ Gr1⫺ cells were pooled from 3 to 4 infected mice. Data are representative of three individual experiments. (C) A representative Western blot analysis of
GATA-3 and a bar graph indicating the quantification of GATA-3 expression from sorted Th2 cells after coculture with CD11b⫹ Gr1hi, CD11b⫹ Gr1int, or
CD11b⫺ Gr1⫺ cells. Data are representative plots from two individual experiments. Noncocultured Th2 cells (Pos) were also used as negative controls. (D) A
representative graph indicating IL-4, IL-13, and IL-5 production by noncocultured Th2 cells (Pos) and Th2 cells cocultured with CD11b⫹ Gr1hi, CD11b⫹ Gr1int,
or CD11b⫺ Gr1⫺ cells. Data are represented as means plus SD and are representative of three individual experiments. ANOVA was used to determine statistical
significance. n.s, nonsignificant; **, P ⬍ 0.01.
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resulted in reduced airway eosinophilia. Th2 cells cocultured with CD11b⫹ Gr1hi and CD11b⫹ Gr1int myeloid cells were sorted and adoptively transferred into
mice to evaluate their ability to induce allergic airway inflammation. The Neg- and Pos-control group mice received only noncocultured Th2 cells. Total cellular
(A) and eosinophilic (B) infiltration into the BAL fluid was determined in the various groups. Data are represented as means and are representative of three
individual experiments with 3 to 4 mice per group. (C) In order to delineate the mechanism by which these myeloid cells modulate the downregulation of
GATA-3 expression, the coculture experiments were carried out in the presence of a nitric oxide synthase inhibitor (1400W) or an arginase inhibitor (BEC). Th2
cells cocultured in the absence of any inhibitors were used as a control (top panel). The FACS histograms represent the data from three independent experiments.
An ANOVA test was used to determine statistical significance. Max, maximum. *, P ⬍ 0.05; **, P ⬍0.01.

served elevated titers of allergen-specific serum IgG2a and a reduction in secretion of IL-4, indicating a possible shift toward a
Th1 response. The signature Th2 cytokine IL-4 has been implicated in the differentiation of goblet cells, expression of mucin
(MUC5AC) by epithelial cells, differentiation of T lymphocytes,
and recruitment of eosinophils (29, 30). Concomitantly, in our
study the reduction in IL-4 secretion correlates with decreased
eosinophil infiltration and mucus production. However, unlike
secretion of IL-4, there was no alteration in either IL-5 or IL-13
production in the infected group of mice. Previous clinical evidence (31), along with in vitro (32) and in vivo (33) studies, has
suggested a probable differential regulation in the production of
Th2 cytokines though the exact cause remains unknown. Furthermore, recently IL-5 production was shown to be predominantly
confined to a subset of IL-13-expressing CD4⫹ cells, suggesting
that IL-13 and IL-5 share similar regulatory pathways that may be
distinct from the pathway of IL-4 (34). Surprisingly, there was no
increase in the levels of the Th1 cytokine IFN-␥ or any significant
reduction in antigen-specific IgG1 in the S. Typhimurium-infected group of mice. Additionally, intracellular cytokine profiling
of T cells also could not affirm an increase in IFN-␥-producing cell
numbers, suggesting that this amelioration is not due to an apparent Th1-diverted mechanism.
A number of similar investigations involving the administration of pathogens orally emphasize the importance of complex
interactions occurring in the gastrointestinal milieu, resulting
in the shaping of a tolerogenic immune response against envi-
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ronmental antigens (24, 35). Constituting a nonredundant immunoregulatory cell population, Treg cells execute a crucial
role in maintenance of immune homeostasis (36). Numerous
studies have confirmed the decisive contribution of Treg cells
in ameliorating allergic disorders (10, 17, 24). Colonization of
the intestinal tract by commensal bacteria like Enterobacteriaceae, Clostridium, and Bifidobacterium has been shown to induce
Treg cells, resulting in the prevention of inflammatory bowel disease and maintenance of mucosal tolerance (37, 38). In contrast to
certain commensal bacteria and helminths and in accordance with
other infection models like Acinetobacter lwoffii F78 and Acinetobacter baumannii, S. Typhimurium infection exhibited no demonstrable change in the frequencies and numbers of Foxp3⫹
Treg cells (12, 13). Subsequently, we detected a considerable increase in a population of cells expressing CD11b and Gr1 in the
spleens and lungs of mice infected with S. Typhimurium. There
was a significant increase in CD11b⫹ Gr1hi cells and a moderate
increase in the frequencies and absolute numbers of CD11b⫹
Gr1int cells in the S. Typhimurium-infected mice. These CD11b⫹
Gr1⫹ cells are comprised of a heterogeneous population of cells
and have been predominantly studied in the context of cancer
(39–41), and their induction and function in many other diseases
and infection models are being currently investigated. The profiles
of these cells have been previously characterized into either a granulocytic or monocytic phenotype based on the expression of Gr1,
Ly6G, and Ly6C (42). Similar to studies involving helminths and
tumors, infection with S. Typhimurium was also shown to induce
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FIG 5 Downmodulation of GATA-3 expression was mediated in an arginase- and NO-dependent manner, and adoptive transfer of the cocultured Th2 cells
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nonspecific immunosuppression mediated by macrophage precursors in a nitric oxide-dependent mechanism (43, 44). These
cells have been predominantly associated with inhibition of immune responses by using free radicals such as nitric oxide (NO)
and by secreting immunoregulatory cytokines (45, 46). Recent
investigations have indicated their ability to modulate Th2-mediated responses (47). The study by Arora et al. indicated that lipopolysaccharide (LPS)-induced CD11b⫹ Gr1int cells in the lungs
affected Th2 cell stability and could prevent allergic airway inflammation. These populations of cells that were induced in a MyD88and TLR4-dependent manner have been shown to inhibit airway
inflammation in an IL-10- and arginase I-dependent manner (20).
Additionally production of nitric oxide synthase (NOS) (48) and
IFN-␥ by these cells has also been attributed to their suppressive
ability (20, 49). However, administration of LPS can also result in
aggravation of asthma, indicating that the dosage of LPS is critical
in determining the type of response generated (50). In contrast,
Delano et al. demonstrated using a sepsis model that elevated levels of CD11b⫹ Gr1⫹ cells in the spleen resulted in enhanced Th2
cell polarization (21). These cells were induced in an MyD88dependent but TLR4-independent mechanism unlike those in the
lung. With contrasting results pertaining to similar cells isolated
from different target organs, our objective was to understand the
role of CD11b⫹ Gr1⫹ cells in the spleen expanded upon S. Typhimurium infection. Using in vitro coculture systems, we demonstrated that under Th2-polarizing conditions, the myeloid cells
isolated ex vivo from the spleens of S. Typhimurium-infected mice
did not influence the differentiation of naive T cells into a Th2
phenotype. However, they considerably destabilized already differentiated Th2 cells by down-modulating the expression of the
key transcription factor GATA-3 and the production of IL-4 in
these cells. Subsequently, using a Th2 adoptive transfer model to
induce airway inflammation, we demonstrate that Th2 cells cocultured with CD11b⫹ Gr1⫹ cells had reduced effector function, as
demonstrated by the attenuated cellular infiltration in BAL fluid
compared to that in the control group receiving noncocultured
Th2 cells. Even though the CD11b⫹ Gr1int cells demonstrated a
relatively stronger influence on cellular infiltration, the significant
increase in CD11b⫹ Gr1hi cell numbers upon Salmonella infection
could simulate comparable influences in vivo. Finally, using inhibitors, we determined that both arginase (Arg) and nitric oxide
synthase (NOS) contributed to the regulatory mechanism mediated by both CD11b⫹ Gr1int and CD11b⫹ Gr1hi cells in downmodulating GATA-3 expression in Th2 cells. Recent findings have
indicated the possibility of these subsets using different mechanisms as the granulocytic subset was found to express low levels of
NO, whereas the monocytic subset expressed high levels of NO.
However, both the subsets also expressed arginase I (51). Though
Arg and NOS are competitively regulated by Th1 and Th2 cytokines, LPS, which is commonly referred to as a Th1 cytokine inducer, has been demonstrated to activate the expression of both of
the enzymes (52, 53). The myeloid cells therefore induced upon an
infection with Salmonella may be a collection of different cells that
are capable of expressing either NOS or Arg. Collectively, from
available data on CD11b⫹ Gr1int cells and our data on CD11b⫹
Gr1hi cells, we can speculate that the expansion of CD11b⫹ Gr1hi
and CD11b⫹ Gr1int cells upon S. Typhimurium infection could
synergistically orchestrate amelioration of allergic airway inflammation by influencing the stability of Th2 cells and suppressing
their effector function.
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